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ABSTRACT

This is the fourth in a series of reports which document studies of
an advanced-technology space station configured to implement subsystem
technologies projected for availability in the time period 2000 to 2025.
The principal odbjectives of these studies have been to examine the
practical synergies in operational performance available through
subsystem technologyl selection and to identify the associated advanced
technology development needs. In this study further analyses are
performed on power system alternates, momentum management and
stabilization, electrothermal propulsion, composite materials and
structures, launch vehicle alternatives, and 1lunar and planetary
missions. Concluding remarks are made regarding the advanced-technology
space station concept, its intersubsystem synergies, and its system
operational and subsystem advanced technology development needs.
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1.0 INTRODUCTION

One of the goals of the United States Space Program is the
establishment of permanent manned space stations, and current plans are
to have an initial operating capability ( iOC) as Space Station Freedom in
low Earth orbit by 1995. The design is still evolving; however, a
proposed dual-keel configuration is shown in Figure 1.0-1. References 1-
1 and 1-2 provide some of the details for the dual-keel configurétion.
As the design progresses, changes may eliminate the dual-keel and reduce
the structure. However, Space Station Freedom will operéte nadir
pointing and rotate about its transverse axis at the rate of one
revolution per orbit. Space Station Freedom will provide a microgravity
enviromment and be a stable platform for observation of the Earth. It
will support a broad range of space-related operations or scientific
investigations.

Studies of spac;e stations are under way for the more distant future.
These will utilize advanced technology and perform functions in support
of future space missions. One series of studies is concerned with
examining various aspects of a space station for the time period around
the year 2025. Thtee reports have been published in this series of
studies (References 1-3 through 1-5). The first study (Reference 1-3)
led to the oonceptﬁal configuration shown in Figure 1.0-2, which is
basically a rotating space station with an inertially oriented central
section. The second study (Reference 1-4) used that configuration as a
starting point to examine the configuration and its functions in some
detail, and to identify pacing technology areas. The third study
(Reference 1-5) 'performed trade studies in the station power system,

analyzed the dynamlcs of the rotating station, studied locomotion and
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§

material transfer under artificiél gravity forces, and examined design
considerations for support of & manned Mars mission. Reported herein are
the results of the fourth and final study in the series on an advanced-
technology space station (ATSS).

The rotating ATSS (summarized in Section 2) provides an artificial
gravity field, which reduces medical and physiological problems
associated with weightless long-duration space flight. This approach
introduces unique challenges in attitude stabilization and accommodation
of large rotating elements. Furthermore, the ATSS is designed to host a
large crew and perform numerous experiments, which means it is very large
and has a heavy electrical power demand. In addition, the ATSS is
designed to support missions beyond low Earth orbit which bring new
operational challenges. Some aspect of each of these major challenges-
attitude control, size, mass, power, and operations - is analyzed in this
study. Specific topics include: Power System Alternates (Section 4);
momentum management and stabilization (Sections .5 and 6); structures,
materials, and launch vehicles (Section 7); and lunar and planetary
missions (Section 8). Concluding remarks regarding R&D requirements-—
the driving theme in all four studies - are made on the subjects of
advanced subsystem technology needs, station design to enhance
intersubsystem technology needs, station design to enhance intersubsystem

synergies, and space station operations for mission support (Section 9).
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2.0 ROTATING ADVANCED-TECHNOLOGY SPACE STATTON CONFIGURATION

The configuration used as a starting point for the present study is
described in some detail in Reference 1-4, and the major features are
repeated here for convenience and reference. Relevant weights and
dimensions of elements of the ATSS are given in Figure 2.0-1 and 2.0-2,
respectively.

A major feature of the ATSS is the large rotating torus which
provides artificial gravity (centrifugal force) for the crew in their
primary habitat and work area, and also provides for gas (0, and Hj)
storage. An artificial gravity of one Earth g, 9.8 n/sec? (32.2
ft/secz), can be obtained at 2.8 revolutions per minute. Two solar
dynamic units on the torus provide electrical power for use in the torus.

The other components of the ATSS are attached to a central tube which
does not rotate with the torus. These units include Earth, solar, and
celestial observatories; a platform with horticultural domes and four
solar dynamic units; plus a section for berthing, loading, and unloading
spacecraft. The entire ATSS is Sun—ppinting; therefore, it must precess
at the rate of one revolution per year.

The baseline configuration had two altermatives, one with and one
without storage tanks that counterrctate with respect to the torus.
Reasons for considering and selecting the use of counterrotating tanks
are discussed in Section 5 of Reference 1-4. The tanks store fluid
(water) and reduce the net angular momentum of the ATSS. This ATSS

configuration is the baseline used for the analyses of this study.
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3.0 PURPOSE OF THIS STUDY
This study is a continuation of the work reported in References 1-3,

1-4, 1-5. The general tasks are:

1. Compare system alternates for power generation.

2. Examine momentum/ management and stabilization of a large space
station with subs_tantial rotating constituents.

3. Evaluate electrothermal propulsion options to fulfill the
requirements for attitude stabilization and control.

4. Survey opportunities and advantages of incorporating composite
materials and space expandable structures into the space station
design.

5. Enumerate the roles and functions of an advanced space station in
support of a lunar base mission and a manned Mars mission.

6. Identify advanced technology development needs to achieve the
projected subsystem capabilities in the 2025 time frame.

Some specific issues associated with each of the task topics are

described in the following paragraphs.

i

3.1 Electrical Power System Alternates

The baseling configuration consists of six identical solar
concentrating thermodynamic power units that provide a combined power
output capacity of 2.5 MW. Their operation requires solar pointing for
the ATSS and accommodating the interruption of solar input during each
orbit. A nuclear fission power system which operates continuously and
does not need solar pointing was examined and described in Reference 1-5.
In this study three additional alternate systems are examined for
comparative purposes. Two of the systems, radioisotope decay and nuclear

3
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fusion, operate continuously and do not need solar pointing. The third
is an advanced solar photovoltaic system and does require pointing.
Subsystem masses and ATSS performance capabilitié for these alternate
power systems are examined and compared to provide information on
recommended technology requirements.

The major area of technology advance requlred for the solar
photovoltaic system is in solar cell output efficiency. For the
radioisoctope thermodynamic power generation system, the merits of such a
configuration in performance and simplicity of control are compared to
the nuclear fission power system concept. A nuclear fusion power system
is also discussedv and compared. Each power alternate ‘introduces specific
constraints on operations and some potential advantages to the ATSS
performance. The overall system effects of these power subsystem
characteristics are defined. The trade studies and results illustrate

areas for potential technology imrrovements.

3.2 Attitude Stabilization and Control

The presence of a large rotating torus introduces rotational
momentum considerations into control evaluations. The cambination of
large non-symmetric masses and solar pointing creates large, cyclic,
gravity gradient torques, and these offer the opportunity to examine
novel control approaches. Attitude stabilization, pointing, and
precession of the ATSS while experiencing environmmental forces were
studied to evaluate the capacity of reaction control systems and to
examine options such as the use of control-moment gyros to assist in
stabilization. The thrust levels required to achieve stability and

control as well as the total control propellant requirements are defined.



The potential application of angular momentum control devices and an

integrated power and control system are addressed.

3.3 Electrothermal Thrusters

The baseline ATSS configuration uses chemical combustion rocket
thrusters for station keeping. These thrusters utilize hydrogen and
oxygen generated from electrolysis of water as the propellant. The
application of electrothermal thrusters are studied as an alternate
because they also offer a potential synergy in using propellants which
are byproducts of the life support subsystem. The electrothermal
thrusters offer.conipetitive specific impulse in the advanced technology
versions but consume considerable electrical power and are limited in

their upper level of thrust.

3.4 Structures, Material, and Launch Vehicles

The ATSS is comprised of numerous structural components of large mass
and volume. The baseline design configuration incorporates modular
aluminum pressure components assembled on orbit and requires a heavy ,l‘ift
launch vehicle (HLLV) for delivery to orbit. The potential is evaluated
for alternate launch vehicles which can take advantage of the reduced
unit volume afforded by several expandable structural concepts.
Additional usage of composite structural materials is also examined to
assess the benefit of a reduced number of launches to deliver the

components of a rotating space station like the ATSS to LEO.
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3.5 Iunar and Planetary Mission Support

The ATSS has the size and operational capability to function as a
staging site for outbound missions from Earth. Thé lunar base support
and planetary explorations are candidate future missions which were
examined in a preliminary way to identify and describe the operational
support functions that could be performed by the ATSS. Some typical
prospects include: crew . staging, vehicle assembly, propellant

mamufacturing and transfer, and post-mission experiment support.

3.6 Advanced Technology Identification
The advanced-technology space station (ATSS), as its name implies, is
based on the assumption that new and emerging technologies will have
advanced to the point of being viable for use in the ATSS, circa 2025.
Toward this end, ATSS system operational and subsystem technology
needs, and associated synergistic bk :nefits identified in this study, are
described in context with those identified in the earlier studies in this

series.



4.0 ONBOARD POWER IGENERATION: A COMPARTSON OF AITERNATE HEAT SOURCES
AND ADVANCED PHOTOVOLTAICS

The baseline for electrical power generation onboard the ATSS has
been established as 2550 kW continuous provided by six identical solar
dynamic units which deliver 425 KW each (Reference 4-1). A continuing
study compared the solar dynamic units with a power generation system
based upon a nuclear fission heat source. That study also defined the
individual electrical power generators as closed cycle gas turbines
driving 400 Hz, 440 V alternators operating with overall efficiency of
0.4 in cornverting thermal to electrical energy (Reference 4-2). The
initial results from that comparison indicated a need to expand the
comparison evaluation to include heat sources from radioisotope decay and
fusion. In addition, the comparison evaluation needed to include a
system based upon advanced photovoltaics which used correspondingly
advanced techniques for energy storage as batteries, fuel cells, and

flywheels. This section describes the additional comparisons.

4.1 Comparison Approach

These three additional power generating systems extend the previous
comparisons of mass, control requirements, and configuration related
considerations. The same general approach has been used. The initial
step defines a configuration for the power generation system.  the
estimates of masses, the definition of control regquirements, and the
discussions of configuration related considerations are all based upon
the system definition. For the radioisotope decay, fusion and advanced
photovoltaic systems, the Appendis cbntains the individual system
descriptions, estimates of mass, definitions of control requirements, and

particular considerations. The comparisons utilize the results from each



of the system definitions and include the two previously compared. Table
4.1-1 summarizes the five electrical power geheration systems and
identifies the principal features included in the camparisons. The
system definitions, mass estimates, and identification of control
requirements were all intended to identify technology requirements and
take advantage of any synergies with other systems or functions of the
ATSS. The system definitions all utilized the same set of general
guidelines or criteria. Table 4.1-2 lists these criteria, and they

pfovide the basis for the comparison evaluations which follow.

4.2 General Results from Comparison

The comparison evaluations for the five alternates are contained in
Section 4.3 below. The evaluations did reveal same significant
differences, and the general results are summarized below in the order of

increasing system mass and incrersing system complexity.

4.2.1 Advanced Photovoltaics, ILowest Mass, Ieast Complex

The advanced photovoltaic system with energy storage as advanced fuel
cells, appearéd as the lowest-mass, least-complex system which can
produce 2550 KW continuous electrical power. The configuration defined
for the ATSS requires a significant improvement in the conversion
efficiency of photovoltaics. The ATSS with an onboard generation of 0O,
and H, for other uses makes fuel cells the most attractive energy storage
option. The advanced system would provide electrical power at about 40
kg/kW. The use of solar concentrators for fhe photovoltaic system
resulted in a factor of three mass penalty from the support structure and

thermal considerations.
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TABLE 4.1-2 SYSTEM DEFINITION AND EVAIUATION CRITERIA

Power Generation: Each system provides a continuous source of
electrical power that delivers 2550 kW tc the operating systems
within the ATSS. The individual systems may need to generate
additional increments of power to overcome losses or other purposes,
and these conditions are identified.

Power Generation Equipment and Efficiency: The rotating generator
equipment utilizes a gas turbine driven alternator operating at
12000 rpm to produce three-phase alternating current at 400 Hz and
440 V. The turbine-alternator operates with a thermal-to—electrical
energy conversion (throughput) efficiency of 0.4 and produces 450 kW
total within each unit. All units are the same within each of the
systems.

Thermal Parameters Definitions: Previous studies have defined the
principal thermal parameters such as the solar energy input levels
and the radiator temperatures and their corresponding thermal
fluxes. These values together with power generation requirements
establish the major "fixed" parameters for each system such as solar
concentrator areas and radiator areas, fission fuel consumption,
radioisotope decay, etc. :

Configurations Defined to Identify Technology: The individual
components and elements have been defined to identify technology
needs. For components or elements which are presently in
development such as the converters and photovoltaics, the
definitions are development goals and indicate the degree of
improvement required. For structure or material related items, the
components are defined for present conventional materials (aluminum,
79Ni-13Cr-7Fe alloys, 2r0O,) to indicate the potential margins for
improvement.

Synergies: The principal synergies are utilization of waste heat
and multiple uses of water. The entire 2550 kW will be dissipated
in some manner throughout the ATSS, and this dissipation will have
opportunities to provide heat in one location utilizing the reject
from another. For the specific case of the radiators which provide
the heat sinks for the gas turbines, these have been configured as
water-filled flat panels fabricated from aluminum. This radiator
confiquration is intended to show margin for improvement.




4.2.2 Radioisotope Decay Heat Sources

The Pu238 gsystem provides an attractive source for a mission that
requires a constant uninterruptable electrical power supply. The mass
requirements for radiation shielding and the converter radiators dominate
the configuration. Advanced radiators coupled with an optimized fueled
core and shield design can bring the specific mass for this system to
less than 100 kg/kW. Transport of the Pu?38 fuel to the ATSS has to
accommodate a large continuous heat release from the radioisotope, and

requires a dedicated carrier spacecraft.

4.2.3 Solar Dynamic (Baseline Configuration)

The baseline system has six identical units which provide continuous
power. Solar dynamic units can begin delivering usable power as soon as
the first unit is in place, and the ATSS would not be limited to just six
unlts Within the configuratior.s for a solar dynamic unit, the structure
in the concentrators and the radiators are the prime areas where new
teéhnology can reduce mass.such that a specific mass of 100 kg/KW appears
achievable. The ' solar dynamic configuration does show control
complexities which involve the continuous balancing of the collector
cooiant liquid metal loop and the cornwverter liquid metal loop while
performing the cyclic operations associated with orbital sunset, sunrise,
and solar pointing. The need to focus solar energy into a small aperture
requires an extensive optical aligrment process as part of the assembly
on orbit. These operations would have to be performed as some form of
EVA, and thereby, complicates the assembly and start-up sequence for each

unit.



-

4.2.4 Nuclear Fission Reactor

The nuclear reactor system appears essentially equal to the baseline
solar dynamic system in terms of on-orbit mass. Nuclear fission reactors
have the advantage of delivering almost any level of power from a core
up to the limit of heat transfer capabilities. The advantage gained from
heat generation is offset by the requirements for radiation shielding,
such that a man-rated shield becames the dominating mass for any fission
reactor system. The results of the evaluations indicate that careful
core design plus improvements in the radiator mass could bring the
specific mass of such a fission reactor system to about 100 kg/KW. The
controls for a reactor system operate near steady-state conditions and
involve a continuous flow balance in the liquid metal lqops which power
the converters. Recovery of irradiated materials after final shutdown is
a recognized complexity; however, these complications have been addressed

for ground and shipboard applications.

4.2.5 Fusion Power

Fusion has the unique capability for extracting one portion of its
fuel from onboard water and generating the other portion of its fuel from
within its heat transfer medium. Fusion systems can produce almost any
power level; however, they have a large internal power demand which adds
to the mass and ca{plexities of the system. Fusion power systems require
large heat rejection radiators and a large quantity of high-temperature
insulation materials. Any improvements in these technology areas would
reduce the total mass of the system. A specific mass approaching 100
kg/KW appears potentially achievable. The control system for a fusion

reactor addresses a significant complexity in the recquirements to balance
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five interdependently operating subsystems, such as fuel preparation,
fuel injection, laser ignition, heat extraction, power generation, and
operating atmosphere control.

A fusion system needs to have a major power source in place and
operating in order to initiate the fusion power system. Therefore, a
fusion system has to be a replacement or extension to an onboard
operating electrical power system.

In summary, the comparison shows that a system based upon advanced
photovoltaics will be a viable alternate for low Earth orbit operation
particularly when operating with an efficient energy storage system that
has a minimal need for radiators. The dynami¢ systems where the energy
input is from a heat source, do not show any feature that precludes any
of the alternai:es from operating aboard the ATSS. The selection of a
heat source for power generation should be determined by the requirements

of the mission rather than any fe.ture of the power generating system.

4.3 Comparison of Systems

The comparisons of the five systems and their options is based upon
the results contained in the system descriptions. Table 4.1-1
identifies the location of the d&scfiptions either in a previous study
(Reference 4-1) or within the Appendix. The comparisons begin with
assessments of mass and mass related effects. The comparison of control
requirements results in a ranking in relative complexity, and the
comparison of particular considerations results in a ranking of relative

difficulty or concern.

I~
|
[0e]



4.3.1 Comparison of System Masses and Mass Effects

The estimates of total mass for the five alternate systems (including
options) range over a factor of twenty. Table 4.3-1 lists the five
alternates and options within the alternates in the order of increasing
mass. This comparison shows that an advanced photovoltaic system can
provide 2550 kW contimuous with less than 100,000 kg (220000 1b). The
energy storage method and the efficiencies of storage and retrieval
contrilbute to the 20 percent total mass variation among the three storage
options. This comparison does not identify any preferred method for
energy storage. For the ATSS where 0, and H, are generated and stored
onboard in quantity,’ fuel cells give an operating advantage as a short
term extra power capability. This advantage offsets the mass penalty.

The estimate of total mass for a radioisotope decay heat source makes
this alternate attractive for a power system that uses rotating
machinery. Flight units in the 10-kW range are noWw under active
development for space application (Reference 4-3). The present
facilities for generating Pu238 camnot support a system of ATSS size;
however, a change m energy policy that reprocesses spent reactor fuel
could result in sufficient Pu238 as a byproduct (Reference 4-4). The
radioactive decay heat source has the advantage of continuity (no
interruption by erbital position). At the same time, however, it also
has the disadvantage of continuity; the heat generation rate cannot be
changed. |

The concepts for fusion, solar dynamic, and nuclear fission show an
essential equality with regard to total mass required. In the options

for nuclear fission, neither the concrete nor the water radiation shield
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£

options are considered practical for a system which originated from the
Earth.

A comparison of mass contributions from the major portions of each
system provides some insight for the technical and physical
considerations that apply to a power system for the ATSS; Table 4.3-2
lists the masses for each of the five alternates and summarizes the
contributions from six major system elements.

This comparison highlights the mass advantage offered by the advanced
photovoltaic system in which 70 percent or more of the total mass is
directly imvolved with the energy conversion.” At a solar energy
throughput efficiency of 0.2, photovoltaics show a factor of 3 mass
advantage over the closest altermate. The ATSS can produce 2550 kW
continuous power with a solar throughput efficiency as low as 0.067 if
the entire area available for panel installation were covered. The
configuration would require some auxiliary cooling for cells mounted on
the torus or over the counterrotators.. If auxiliary cooling equals 20
percent of the solar input, the radiatoy requirement will exceed those
for the gas turbines. Such a photovoltaic system would show no mass
advahtage. These thermal considerations show that mass estimates for the
ATSS photovoltaic systems are not linear with conversion efficiency. 1In
effect, any need for auxiliary thermal control such as radiators will
decrease the mass advantage offered by advanced photovoltaics.

The radioisotope decay heat source coupled with gas turbine driven
converters provide a mass effective means to generate electrical power.
For this system, radiator and shielding requirements comprise more than
80 percent of the total mass. Mass reductions can make the system more

campetitive, and the estimates show the areas open to significant
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improvement. A reduction in the radiator mass by a factor of two appears
attainable. A less dense insulator offers an additional increment of
mass reduction. The thermal and electrical elements offer same mass
reduction potential especially from materials for cladding and heat
exchangers. Although the mass of PuO, is fixed by power generation and
life requirements, the fuel mix can be adjusted; less BeO is a
possibility. A smaller core operating at higher power densities and
higher internal temperatures appears reasonable even though the entire
core is running "full red" which limits the margin for reduction. A
reduction in core size that permits a 25 percent reduction in shield mass
along with the other reductions could bring the Pu238 system mass down to
about 200,000 kg (441,000 1b) and the specific mass below 100 kg/kW.

Fusion power systems will involve massive containment elements in any
of the configurations that use the deuterium-tritium fusion reaction and
generate the tritium by a neutron interaction with lithium. The methods
used to control or initiate fusion such as magnetic confinement, laser
ignition, and generation of negatively charged subatomic particles all
have heavy demands for internal electrical power. The present goal in
fusion system development is to generate just enough power to make the
system "break even". Fusion systems for the ATSS have a large internal
power usage requirement that increases ‘the radiator area by about 50
percent relative to any of the other alternates. The mass for fusion
power system benefits from any J'errovements‘ in radiators and high
temperature insulation. A 50 percent mass reduction in each results in a
system specific mass value of about 100 kKg/KW.

The solar dynamjc option selected as the baseline for comparison

shows a larger than anticipated estimate for total mass principally



because of structure and radiator requirements. Significantly, the
energy collection and conversion portions of the system are very nearly
equal to those for the photovoltaics. Mass reduction in the collector
and in the converter equipment involve high temperature materials and
high temperature phase-change energy storage materials. Improvements can
be anticipated. Improved radiators and high temperature insulators
appear as fertile areas for mass reduction. Within solar dynamic
systems, structure for the concentrator becomes a major consideration. A
material for the concentrators that results in half the mass of an
equivalent alumimum plate structure will make a significant reduction.
This coupled with improved radiators and insulators can reduce the
specific mass for the solar dynamic alternate to a value below 100 kg/KW.

Power generation from a fission reactor heat source is limited only
by the capability to remove heat from the core. In the nuclear fission
alternate, the mass requirement fur the core elements plus the converters
show the lowest total for energy conversion among all the alternates and
are less than half the mass required for a photovoltaic system. Here the
radiator and the man-rated shield account for 90 percent (or more) of the
total mass of the system. Cores can be made to operate at higher power
densities than used for the system defined for this comparison; such
operation reduces the volume of the core. A reduction the volume of the
shield follows but not in a linear manner because shield thickness is a
function of the core activity which generates the power. An optimized
core @ld result in a 25-percent reduction in shield mass. This would

then be coupled with mass improvements in the radiators and insulators



and can reduce the specific mass to about 103 kg/kW for a iead—shielded
system and to about 115 kg/kW for a steel-shielded system.

In conclusion, the comparison of mass estimates and the assessments
of developmental results indicate that an advanced photovoltaic system
will remain a viable alternate for an ATSS operating in IEO. This
alternate becomes most attractive if it operates with a conversion
throughput efficiency of 20 percent and does not require auxiliary
radiators for thermal control. The other four alternates show a degree
of equality such that mass criteria alone does not identify a preferred
system. This extended comparison underscores the previous observation
that other mission requirements must determine the appropriate method for

generating electrical power aboard the ATSS.

4.3.2 Comparison of Control Requirements

The control requirements for the five systems can be qualitati\}ely
ranked for complexities. The ranking assessments in terms of increasing
canplexities is summarized as follows:

Photovoltaics

The control requirements reflect the dynamics of orbital operation
where power sharlng and power switching are the critical functions. The
system has limited flexibility in generating capacity; the power must be
utilized. The battery storage option has a requirement that only
consists of a monitor and control of cell voltage build-up as charge
accumulates. The flywheel option has a somewhat greater requirement;
rotating speed must be monitored and rotating inertia balance maintained
throughout a multi-unit storage system. Fuel cells and electrolytic

cells have the greatest requirement for a control system. These elements



are used in a cyclic operatimm destween two independent units, with the
attendant requirements for ham@ilimg the gaseous fuels.

In sumary, the control far-e photovoltaic will have the least number
of input parameters and the least complex control algorithm for any of
the five systems.

Radioisotope Decay Heat pu238

The control of the radioisotope decay system has to maintain a
constant energy throughput by keeping six turbine—generator units in
synchronous balance. The individual control inputs and elements
controlled tend to be straightforward and near: steady state. They
include flows, temperatures, voltages, and currents. The control for the
radioisotope decay is the least camplex for a system that uses rotating
machlne:ry The principal inputs to the control algorithm are
temperatures within the cores. Temperatures are maintained within narrow
limits by cbntr:ol of the currer.c and voltages. in liquid metal pumps.
These pumps maintain the heat transfer, and here a single liquid metal
loop transfers the heat from the cores to the gas turbines. In
caomparison with a photovoltaic system, this control system would have two
to three times as many inputst and have about the same factor of increase
in the complexity of the control algorithm.

Nuclear Fission

The control for a nuclear fission system operates in the same general
manner as the control for the radioisotope decay system. Both systems
involve an essentially steady state heat transfer and keeping six turbine
generator units in synchronous balance. The additional features
introduced by nuclear fission are control of the »neutron flux within the

cores and operation with a liquid metal to liquid metal heat exchanger in



each of the turbine-generator loops. The net effect doubles the number
of imputs to the control algoritim and doubles the mumber of liquid
metal pumps needed to accomplish the heat transfer. Within the control
algorithm, the determination of the neutron flux establishes the output
power delivered, and the neutron flux is controlled by the adjustment in
position of control rods. A mclear fission control system shows abodt
two times the camplexity of a radioisotope decay control system.
Solar Dynamic

The control for the solar dynamic systems are six repetitions of the
controls for an individual unit with all six synchronized.  The
individual unit controls must operate a double liquid metal locp that
accomplishes enerqy storage and retrieval by a fusion phase change. The
individual unit controls will have the same types of temperature inputs
and liquid metal punp operation as for the radioisotope decay system,
however, this algorithm will have to include the complexities of cyclic
energy input. The control must accommodate the sunset-sunrise events,
and maintain solar poihtinq and tracking within the specified angular
limits. The inputs and items controlled in the solar dynamic are
estimated to be the same as for nuclear fission. The control algorithm
trades the neutron considerations for cyclic effects and adds the element
for solar pointing. As a total system, the total solar dynamic control
appears incrementally more complex than the controls for a nuclear
fission system.

Nuclear Fusion

The nuclear fusion control system must maintain five independent
subsystem processes which involve precise timing while keeping eight

turbine-generators in synchronous balance. Estimates for ground based



power stations indicate an order of magnitude more control inputs than a
conventional steam powered station (Reference 4-5), and the estimate
appears to follow for space applications. The control for a laser
ignited fusion system must operate with the unique feature of energy
released in bursts. The reactor vessel and its control sensors must
accept 426-kJ bursts (approximately equal to 0.12 kg (0.25 1b) of TNT) at
20 times each second. The combination of requirements and operating
enviromment contribute to the result that the control for a fusion system
has about ten times the complexity of that for a radioisotope decay.

In sumary, these systems do show a range in complexity for their
control systems, and even the least camplex case for a photovoltaic power
system must address a demanding control situation. On the other hand,
all the systems can be controlled, and the control algorithms can be
generated for an ATSS application. As in the case for mass
considerations, the control requirements do not identify a preference,
mission requirements must provide the criteria for selecting the power

generating system.

4.3.3 Particular System and Operating Concerns

Each of the five alternates shows some degree of special concern at
times in the operating sequences. All of the power systems share the
concerns that accampany a contimuous type of operation. The special
concerns can be ordered in a manner that reflects increasing impact on
the ATSS or special constraints placed upon the ATSS. The order is as

follows.



Photovoltaic

The concerns for photovoltaics are thermal degradation, which could
result from exposure to a solar input without an electrical connection,
and impact damage from space debris. To avoid an urwanted temperature
excursion from exposure during installation, the solar panel field needs
to be installed in modules in which a section of photovoltaics and an
element of energy storage are emplaced at the same time. Power can then
be absorbed when a panel is exposed to the solar input. Some provisions
for masking may be required to prevent an unwanted exposure during
installation or repairs. The ATSS will require spares as a precaution
for breakage or damage from space debris impact. These concerns appear
modest and can be accommodated within the initial assembly sequence or
the plan for contingency repairs.
Solar Dynamic

The solar dynamic units require an extended start-up sequence. | The
large area concentxators require assembly and an optical aligmment of the
individual reflector elements as part of the on-orbit sequence. The
location for the ¢ollector and converters at the focus of the
concentrator complicates the start-up sequence. An operational shutdown
without damage to the system is significantly complex. Both cases
require careful planning and extensive EVA to accomplish.

Radioisotope Decay

The concern for radioisotope decay systems stems from its continuous
heat release. The fuel mix must always have heat removal. The critical
time occurs during transport from the ground to the ATSS. A reasonable
inventory such as half power equivalent for a 450-kW converter will

evaporate more than 1000 kg of water per hour at atmospheric pressure.



The same fuel upon return after ten years in the core will still have a
heat release at 92 percent of the original level. A radioisctope decay
power system will require a special purpose transporter which can
operate between the ground and the orbit of the ATSS.

Nuclear Fission

The concern relates to the handing and recovery of the core
components after final shutdown.  The materials subjected to neutron
radiation will show an induced radioactivity that ‘can range from nil in
shield elements to lethal-intense from fuel elements and control rods.
Disméntling and removal of these components will require specialized

remote handing equipment and shielded casks for transport. Provision for

‘recovery have to be included in the initial design for each element of

the system that has any exposure to neutrons or encounters the products
of fission.
Fusion

The energy requirements for starting the system are almost equal to
the initial system output. The energy input requirements for the lasers
alone are equal to the output of one converter. The start-up of the
liquid metal systems and $tab1ishment of the vacuum for operating
pressure represent heavy, short-term demands on electrical power. The
fusion option, therefore, must be installed as a replacement or
supplement to an in-place and operating electrical power capability.

In sumary, the photovoltaic and the solar dynamic systems appear to
have the least requirement for any auxiliary equipment to support the
installation, start up, operation, or retrieval of the system. The
radioisotope decay and nucleér fission systems both will need special

purpose support items of significant complexity. Fusion has such an

4-20



input power demand that the system cannot be considered as an initial

configuration for the ATSS.

4.4 Overall Assessments

The comparisons of masses, control requirements, and configuration-
particular effects lead to an overall assessment and ranking of the five
alternates. The ranking and pertinent comments are:

Photovoltaics

An advanced photovoltaic system is a candidate power system for
operation in LEO. The ATSS application has defined the needed
improvements in cell conversion efficiency, cell life capability, and
techniques for energy storage. The present activities to develop
photovoltaics for other nearer term mnissions address most of the
requirements for ATSS. In such a context, the ATSS comparison study
underscores the need to continue developments of photovoltaic system
related components as solar cells, battery cells, flywheels, and Oy-Hp
fuel cells.

Radioisotope Decay

A radioisotope decay power system offers the advantage of a
continuous heat source and would relieve the ATSS from some of the
present solar pointing requirements. The comparison based upon PL1238 '
selected an isotgpe of choice without regard to source or availability.
A change in national eneryy policy to reprocess spent reactor fuel could
make the isotope ‘available in the quantities needed. On the other hand,
other isotopes either singly or in a mix, could be used. The ATSS could
be confiqured to accept the increased complexity in handing and the extra

shielding required for man-rating. The present developments to operate
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rotating converters from a Pu?38 heat source are considered an initial
step toward an ATSS sized installation.
Solar Dynamic - Nuclear Fission

These two systems are presently achievable through technical
developments which can be identified. The operating principles for the
.systars are well defined. The technology advances needed to implement
the systems can build upon the present base of knowledge, neither of
these systems require a change in national energy policy or a major
technical breakthrough as part of their implementation plan.

These two systems are considered essentially equal. The complexity
associated with solar pointing and solar cyclic> operation offsets the
considerations for a man-rated radiation shield and the eventual handing
of radioactive waste. Within the five alternates, ‘the fission reactor is
the only system which can vary its power output in response to demand and
thereby offers the advantage of flexibility while at the same time
relieving the ATSS from the solar pointing requirements. Both types of
systems have development activities underway that are steps toward an
ATSS sized application. However, the need for large area concentrators
with the structural integrity to withstand operation in a rotating
acceleration field appears as an ATSS-unique requirement for a precision-
surfaced space structure.

Fusion Power

A fusion heat source offers an almost unlimited power generation
capability with a minimum of fuel transport to orbit. For the ATSS, the
deuterium can be obtained from the electrolysis of wastewater from crew
support. The conversion of lithium into tritium and helium consumes less

than a kilogram of lithium per year.
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The achievement of fusion power is a long term goal. Achievement of
a break-even power operation is the recognized first critical step. A
laser ignited, inertially confined system appears dependent upon
technology advances in both lasers and fuel encapsulation. Other
national priorities presently define the development goals in these
areas. For the ATSS, a fusion power system appears as a candidate for anv
uprating of ATSS capability. Fusion power becames most attractive for
missions which involve space manufacturing and the generation of 0,-Hj
for propulsion fuel. An ATSS which supports a lunar base could have such

a need.



5.0 ATTITUDE AND ORBIT CONTROL

The ATSS operates in a specified circular orbit and maintains Sun
orientation (Figure 5.0-1). Various forces and torgques tend to disturb
the station from the desired orientation and orbit. The attitude control
system must null these disturbances. This section examines these
disturbances and discusses various means of nulling. Qualitative trends

in nulling the disturbances are derived.

5.1 Environmental (Disturbance) Forces and Torques

The envirormental forces and torques are those associated with
aerodynamic drag forces and torques, solar radiation pressure forces, and
gravity (gradient) torques. These are given as functions of orbit angle

in the following figures (from Reference 5-1).

Aerodynamic forces Figure 5.1-1
Aerodynamic torques Figure 5.1-2
Solar radiation forces Figure 5.1-3

Gravity gradient torques Fiqure 5.1-4
There are no torques associated with radiation pressure because of the
orientation and symmetry of the ATSS. Note that the gravity gradient

torque is much greater than that caused by aerodynamic pressure.

5.2 Attitude Control

Several classes of devices for attitude control are considered.
These are reaction jets, control-moment gyros, dual counterrotating
annular moment control devices (DCAMCD) and the possible use of the ATSS
counterrotators. Note that both ATSS counterrotators turn counter to the

torus.
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Notes for a Solar Facing Orbit

N4

1. 0 s the orbit angle measured from solar zenith.
2. y axis is positive away from the plane of view.
3. The origin for the axis system is 0.856 m (2.8 ft)

toward to platform from the plane of rotation
for the torus.

Figure 5.0-1 Orientation of the ATSS in Orbit
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Each of the attitude control devices considered must be able to
produce a torque at least as great as (but opposing) the envirommental
torque. In addition, each must be able to negate the maximum angular
momentum ( [ torque dt) imposed on the ATSS by the envirommental torques.
The momentum associated with aerodynamic torque and the momentum
associated with gravity gradient torque vary continuously throughout an
orbit. Figures 5.2-1 and 5.2-2, respectively, show these variations as a
function of orbit angle. The figures show that the maximum torque and
angular momentum are approximately 34,000 N-m (25000 lb—-ft) and 31.0 x
106 N-m-sec (22.86 x 10° 1b-ft-sec), respectively, and they are caused by
the gravity gradient. Aerodynamic effects are very small and will be
ignored in this preliminary study.

It should be noted that these values are several orders of magnitude
greater than those of current or proposed spacecraft, as shown in Table
5.2-1 (from Reference 5-2) and for an early NASA space station as the

power-tower configuration (Figure 5.2-3, from Reference 5-3).

5.2.1 Reaction Jets Cy

It is assumed that the reaction jets thrust continuously at the level
required to counteract the environmental torque. The jets are in four
clusters of six and are aligned with the ATSS axes. It is further
assumed that afl jets operate at the same level and that in producing
torque about any axis all jets capable of producing a torgue about . that
axis will be operating. For example, to produce a torque about the y-
axis, thrusters aligned with the x- and z-axes will be used. A total of
eight jets can be used simltanecusly to produce torques about each body

axis.
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The torque about any axis is given by

L = Torque
N = Number 'of jets thrusting
N T = Thrust from each jet
L= T, % = Moment arm
i=1 J ]

!

" If all jets are thrusting at the same level,

¢ = The average mament arm

L=Ti£,=NTI (5-1)
j=1

The fuel used to produce the required torgue over a given time

period can be readily calculated based on the following:

w = weight of fuel used per
T = w Isp (5-2) secord, per jet
Isp = specific impulse of fuel

Substituting equation (5-2) into (5-1) results in

and, on integrating and solving for w,
T T = Time duration of thrust
JA

NIspE

The total fuel used by the N operating jets is

5-8



The assumed jet locations on the ATSS are indicated in Figure 5.2-4 and

have the coordinates

Cluster X,m y,m Z,m
1 35 =30 45
2 35 30 45
3 =35 =30 45
4 =35 30 45

From these values it is seen that

L. =137.5m

_X

2 =40.0m

'y

2 = 32,.5m
Z

Since the torgque is, by far, the greatest around the y-axis, torques
about the x and z axes will be ignored for this preliminary analysis.
Since the maximum torque to be generated is 34,000 N-m (Figure 5.1-4),
there are eight jets that can produce torque about the y-axis, and the
average moment arm about the y-axis is 40 m, the maximum thrust required
per jet is, from equation (5-1), about 106 N (23.8 1b).

The fuel used to generate the gravity-gradient torqué variation shown
in Figure 5.1-4 can be determined as follows: |
The torque variation as a function of orbit angle (6 ) can be
approximated by

L = ' -
LmaxSln 20 (5-4)

Since 0 is constant for a circular orbit 6 = 8t Equation (5-4) becomes

L=1L  sin 20t (5-5)
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CENTER-OF-GRAVITY LOCATION

45 m (147.6 fi)

! s
i ,-730 m (98.4 f)

I ____;______,@:f__‘_/___ ______________ Y.

(1188 1) _.~

BERTHING AND DOCKING BAYS

@ JET LOCATIONS
(JETS THRUST ALONG BODY AXES)

Figure 5.2-4 Assumed Thrust Jet Locations
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Substituting equation (5-5) into equation (5-3) results in

T
I'max/;J sin 20t dt (5

Isp °

Nw = W =

which can be integrated to yield

L T
max 1
W= — cos 20t
Isp 2 20

0

The fuel used for one quarter orbit ( ft = 90°) is

) - max
3 orbit Isp ';L'é

or, for a complete orbit

L
max .

W bi i
orbit Isp 20

The important parameters in determining the mass of fuel used are
readily apparent and permit calculating the mass required for an Oy-H,
system. ,

For the ATSS the nominal circular-orbit attitude is 500 km (‘311
miles), and the corresponding angular velocity is 0.0011 radians per

second. Using the following values

Lpax = 34,000 N-m

Isp = 4310 N-sec/kg for O,-H,
g =40.0m
y .

in equation (5-7) results in
W orbit = 717 kg (1580 1b) per orbit

or a fuel use of 982,000 kg (2.17 x 10° 1b) in 90 days.



This is obviously too large, which makes the use of chemical reaction

jets impractical for angular momentum control.

5.2.2 Control-Moment Gyros

If a control momentum gyro (or group of gyros) is to be used for
attitude control, the angular momentum capacity of the gyro is closely
related to the maximum angular momentum imposed on the ATSS by
environmental forces (Figure 5.2-2). Since the imposed momentum is
cyclic, but always in one direction, it is advantageous to displace the
gyro wheel so that its total displacement permits absorption of the total
angLilar momentum. In this case, the maximm angular momentum required of
the gyro would be about 15.5 % 106 N-m-s (11.46 x 10® 1b~ft-sec).

The maximm gravitational torque of 34 x 103 N-m (25 x 103 1b-ft) and
the associated angular momentum, 15.5 X 106 N-m-s (11.46 x 10® 1b-ft-
sec), set the requirements for a control momentum gyro system. These
values are several orders of magnitude greater than those available with
current (MGs. For example, one of the commercially available higher

capacity MG's units has a double gimbal with an output torque of 272 N-m

(200 1b-ft) and angular momentum of 6100 N-m-s (4500 lb~ft-sec), and a

total mass of 295 kg (650 1lb) (Reference 5-4). Therefore, approximately
126 of these gyros would be required to produce the torque required for
the ATSS and add about 37,000 kg (82,000 1b). Absorbing the angular
momentum generated over the quarter orbit period would require about

2550 of these gyros and add about 748,000 kg (1.67 x 10° 1b).



5.2.3 Dual Counterrotating Annular Momentum Control Devices (DCAMCD)

The geometry involved in dual counterrotating wheels is shown 1n
Figure 5.2-5. The transverse angular momentum which is available from
two wheels is given by

Hp = Total angular momentum
Hp = 20 sinv (5-8) Hy = %n;dmmntmn of each

wheel
v = Tilt angle of the wheel

If a required value of Hp is specified, then the required angular
momentum per wheel is

.
U 2 sin v

or for small angles,

(5-9)

The size, shape, weight, and rotational speed all enter into the value of
H,. Some of these ‘factors are discussed in the following section. It is
of interest to minimize the weight needed to produce the desired value ’of
H,, while remaining within whatever constraints are applicable (that is,
size limitations, allowable stress levels, etc.).

A convenient place to start these considerations is the study of

Reference 5-5, which relates the energy in a flywheel to its mass by the

equation
E = Kinetic energy of the
flywheel
m = Mass of flywheel
E_x o (5-10) o = Material design stress level
m s P p = Material mass density
K = is a dimensionless shape

factor



ROTATING ELEMENT #1

ROTATING ELEMENT #2

Figure 5.2-5 Geometry of Dual Counterrotating Annular Momentum

Control Device Wheels
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In developing equation (5-10), all constraints other than these due to

stress considerations were removed. Figure 5.2-6, from Reference 5-5,

lists values of Ky for various wheel cross sections, and Figure 5.2-7

from the

materials.

following
E

H

same reference lists some mechanical properties of various
Following the procedure of Reference 5-6, one may use the
relations:
=% T w? I = Mament of inertia
w = Angular velocity
= 1 w = mk2y k = Radius of gyration

with equation (5-10) to show that

H
It
m

L
s p

Also, if r, is the maximum allowable radius of the wheel, equation

(5-11) can be written as,

H
Y
m

k!
AT
o s p

from which

where

Kl

For a

= H (5-12)

_ k ’ .
s © (—r—) KS (5-13)

flywheel of given radius (ry) and material, the mass for the

required value of H, can be minimized by selecting a flywheel shape

having a maximm K. Figure 5.2-8 lists ranges of k/r,, Ks, and K¢ for

several flywheel shapes, and shows that the thin rim flywheel has the
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largest Kg value (equal to 0.5). For the case of a thin rim flywheel,

equation (5-12) becames:

H

1
r —°)<
o{ o

(5-14)

Equation (5-14) is the mass of one flywheel having angular momertum H,,
and operating at its design value of (o/p). If a flywheel pair is to

produce a specified transverse angular mamentum Hy, then equation (5-9)

can be used with equation (5-14) to result in

Hr (5-15)

2 r \>(—q--);5
o P

and is the mass of one of the flywheels. If a factor F to account for

m=

supporting structure, electronics, etc. is included in the calculation,
then the total mass of the dual counterrotating wheel system (2 wheels)
is:

F Hy (5-16)

Equation (5-16) shows the importance of selecting materials and geometry
for dual counterrcotating wheels. Figure 5.2-9 can be used to estimate
the mass required for absorption of transverse momentum as a function of
wheel geametry and material.

The required transverse angular mamentum Hyp is 31 x 106 N-m-s for an
ATSS application (Figure 5.2-2). If the DCAMCD rotors are fabricated
fraom S-1014 glass with a radius of 50 m, a structural factor F = 1.1, and
a 5-degree allowable deflection angle, then the total mass for the two
wheels is 14,263 kg (31,500 1b). The effect of changing the wheel radius

or allowable deflection angles is readily visible from equation (5-16).
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The use of large DCAMCDs begins to appear somewhat reasonable,
particularly if they could also be used for energy storage. Note that
there is a trade-off involved because changes in rotational speed of the
DCAMCDs will translate into changes in (0/P). However, this can be
adjusted to some extent by simultaneous variation in the tilt angle. |

5.2.4 Use of the ATSS Counterrotator for Attitude Control

Since the ATSS has two large counterrotating wheels (both running

counter to the torus), it is interesting to determine if they could be - o

used to negate the gravity gradient torque. 1In such an application, the
counterrotators would be tilted in unison to counteract the envirommental
torque. Assuming that only the torque about the y-axis (gravity-gradient
torque) needs to be considered, then a tilt of the wheels around the x-
axis can counteract the environmental torque. The tilt required can be

determined through use of equation (5-8), that is,

For such a case, Hp, the maximum envirormental transverse angular
momentum, remains at 31.0 x 10, N-m~sec. The angular momentum for thej
two counterrctators has to equal that for the torus and, from Reference
5-7, for an equivalent Earth gravity 2H, = 9.36 x 10 ? N-m-sec. The
resulting tilt anéle v = 0.0033 rad, approximately 0.2 deg. The same
control could be applied by tilting just one of the counterrotators
through a maximum of about 0.4 deg. These angles are small enough to
cause no appreciable exchange in the angular momentum about the axis of
symmetry. Techniques for possible mechanization of such a system have

not been considered in depth.



5.3 Discussion and Comparison of Attitude Control Mechanism

The major disturbance to the described Sun-pbinting orientation of
the ATSS is caused by gravity-gradient torgues. For the assumed
orientation of the ATSS, the torque is primarily around the y-axis, and
there is little disturbance about the x and z axes. This permits an
elementary caomparison of various attitude control devices. Before
comparing devices, it is beneficial to make some general remarks relative

to each of the systems.

5.3.1 Reaction Jets

Use of reaction jets does not appear viable because of the indicated
large fuel (Hy-O,) usage of 975,000 kg (2.15 x 10® 1b) in 90 days.
Increasing the moment arms of the jets, or using fuels of higher specific
impulse would reduce fuel use (equation 5-~7). However, these are limited
by geometric and structural cons’Jderations and by available fuels. The

use of chemical-fuel thrusters does not appear viable.

5.3.2 Control-Maoment Gyros

The angular momentum requirements for the ATSS are several orders of
magnitude greater than those currently available for control-moment
gyros. The use of new, yet urdeveloped (MG's or use of multiple (MGs
does not appear attractive because of the inherent weight of current QMG
designs. Proposed new spherical large-angle magnetic bearlng (LAMB) (MGs
(Referencei 5-3) would provide for some weight reduction, but probably
would be feasible only if also used for other purposes such as power
storage. The design concept of Figure 5.3-1 (from Reference 5-4) uses

magnetic bearinhgs and has application to energy storage as well as
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angular momentum control. References 5-3, 5-5, amd 5-8 contain much
useful infomration relating to energy-storage flywheels and also on
integrating these devices with angular momentum control aspects.

Recent developments in superconductive materials may greatly alter
the prospective relative to control-mament gyros.i This topic is

discussed briefly in Section 9.

5.3.3 Dual Counterrotating Annual Momentum Control Devices

The mass required for a suitable DCAMCD system is greatly influenced
by the allowable tilt of the wheels and the wheel radius. As shown in
paragraph 5.2.3, using two wheels of 50-m radius and a 5 deg tilt of each
wheel still required a total wheel weight of 14,263 kg (31,500 lb) if the
wheels were operating close to design stress. A larger tilt angle and/or

larger wheel radius would reduce the mass to an acceptable value.

5.3.4 Use of the ATSS Counterrotators

The counterrotators can be considered as inertia wheels to be tilted
to counteract the gravity gradient. As shown in paragraph 5.2.4 only a
small tilt angle is required for the ATSS. Implementing a mechanism to
permit the tilt, which should vary over a small range about the zero

value may be feasible.
5.3.5 Genheral Remarks

The driving factor that sizes the angular momentum requirements for

the ATSS is gravity-gradient torque and associated angular momentum. The
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torque is given by approximately:
G = Gravitational constant
3¢m me = Mass of Earth
L = €1 -1 sin 24 R, = Radius of the ATSS orbit
2 R05 z be I = ATSS moment of inertia
about an axis
o = Angle between the z axis
and local nadir

There are several factors to consider in reducing the torgques, or in
making acceptable the weight penalties associated with use of angular
momentum control devices. These factors are:
1. Maintain a low value of a. This would require departing from a Sun-
pointing orientation, which in the case of the ATSS, would greatly
camplicate the problem of collecting solar energy.
2. Reduce the difference I, -Iy. For the ATSS, this could be
accomplished by spreading the elements along the z-axis. For exairple,
displacing each of the conterrotators about 53 m (174 ft) further from
the plane of the torus would reduce (I,-Iy) to zero. However, this would
require elongation of the central tube, complicate transfer of materials
between station elements, increase mass, etc.
3. The use of inertial-wheel-type devices generally involve weight
penalties; however, these penalties become viable if the device(s) serve
multiple required tasks - for example, energy storage. Care must be
taken, however, to account for any possible changes in available torque
from the wheels, and resulting changes in dynamic behavior of the ATSS,
associated with any change in overall angular momentum.
4. Tilting the counterrotators appears to be a method for meeting the

angular momentum requirements.
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5.4 Orbit Altitude Control 1

The aerodynamic drag acting on the ATSS will cause it to 1lose
altitude. The drag is the resultant of the x &nd z forces shown in
Figure 5.1-1 (from Reference 5-1). One of the outputs of the I-DEAS?
programs (Reference 5-9) is the linear impulse applied by the drag in one
orbit, and that value was 29,450 N-sec. The fuel needed to overcome a
given linear impulse can be calculated by the use of equation (5-2). If
Hy-0, fuel is assumed (Isp = 4310 N-sec/kg), then the fuel used in one

orbit is 6.83 kg (15 1b).
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6.0 EXAMINATION OF POTENTTAL APPLICATIONS OF EIECTROTHERMAL PROPULSION
FOR ATTITUDES AND ORBIT CONTROL

The large masses of chemical fuel (H;—0O;) or of control-moment gyro
devices required for ATSS attitude control led to the thought of
examining electrothermal propulsion because of the high specific impulse
available. It was realized that such devices would involve a trade-off
between high specific impulse and electrical power usage. This section
presents a brief assessment of the potential application of

electrothermal propulsion for orbit and attitude control of the ATSS.

6.1 Electrothermal Thruster

Electrothermal thrusters include the resistojet and the arc jet.
Both apply electrical energy to an inert propellant stream to generate a
high discharge velocity gas jet. The technology represents an advance
over cold gas and monopropellant chemical hydrazine thrusters. Numerous
applications of resistojets have been inple:i\ented for ummanned
spacecraft. The nominal ranges of thfust and electrical power for the
electrothermal thrusters and some other electric propulsion options is
presented in Figure 6.1-1 from Reference 6-1. These data show that
practical applications limit the maximum thrust to about 10 N (2.2 1b)
for electrothermal units. Specific impulses developed by these thniéters
depends on the propellant selected as well as the design features of the
device itself. A technology trend prediction from Reference 6-1 is
presented in Figure 6.1-2 for three typical propellants in resistojets.
The practical specific impulse limits as a function of the specific power
ratio from Referénce 6-2 are presented in Figure 6.1-3 for electrothermal

thrusters. For comparison purposes, the baseline ATSS assumes a
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hydrogen-oxygen chemical thruster mechanization with a specific impulse

of 4310 N-sec/Kg (440 sec).

6.2 Application to the Gravity-Gradient Disturbance

The ATSS configuration coupled with the flight orientation requires a
thruster moment capability of up to 34,000 N-m (25,000 ft-1lb) to null
gravity-gradient torque. Using a total of eight active jets with an
average moment arm of 40 m (131 ft), the thrust at each application point

is approximately as follows to develop the reactive moment:

: Moment 35000 '
= = 24 1b
(Number of Jets) (Moment Arm) (8) (40) 106 N ( )

Thrust =

This thrust level may be the sum of several clustered jets in ‘proper
alignment at each of the grid points. The maximum combined thrust
required to react the gravity-gradient effect is 850 N (187 lb).

The gravity-gradient disturbance torque varies with time as a sine
function at one-half the orbital period. Therefore, matching the
disturbance will require a time variable reaction moment. This may be
achieved by proportional thrusting or by constant thrusting for discrete
time intervals. The latter is simpler to implement. Thé fixed thfust
per thruster required to perform such a_stabilization’ could be leés than
the maximum demand, i.e., 106 N (24 1lb). For purposes of preliminary
design, a fixed thrust per thruster of 53 N (12 1lb) is suggested for
reaction to the gravity-gradient disturbance and maintaining an
acceptable limit cycle of excursions. With no thrusting reaction to the
gravity-gradient moment, the angular displacement amplitude monotonically
increases, which is unacceptable for effective solar pointing. The fixed

thrust to provide a limit cycle excursion of 1 deg, which is the nominal
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requirement, has not been determined. This would require the definition
of a control algorithm for the preliminary evaluation. The ultimate
selection of a thrust level will be influenced by the mass of propellant
consumed to maintain the attitude within limits. This would require a
trade-off of three parameters; the thruster level, the 1limit cycle
amplitude, and the propellant mass consumed. In fhe studies to date,
‘only the extreme conditions for zero thrusting and for fixed attitude
(perfect aligmment) thrusting have been examined. The propellant
consumption for gravity-gradient stabilization fér the ideal fixed
attitude case, and at a specific impulse of 4310 N-sec/kg (440 sec); is
approximately 717 kg (1577 1lb) per orbit. The control logic that is
Happlied and ﬁe limit cycle excursions that are acceptable from the
solar pointing attitude will determine the propulsive impulse required
for reaction to the gravity-gradient disturbance. There is an
: éppértunity for significant mass savings if gravity-gradient
stabilization can be performed without application of chemical fueled
thrustmg These options were discussed in Section 5.

Using typical thrust-to-power ratios from Reference 6-2, i.e., 0.13-
'0.31 Nﬂdﬂ (0.03 - 0.07 1b/KW) for resistojets, results in a peak power
requirement of from 2741 - 6538 kW for the gravity-gradient application.
EQen using a time average thrust level total of 425 N (94 1b)
continuously and allowing for attitude excursions which, over an orbit
would average out, results in a power demarxi which consumes all, or the
majority of, the ATSS electrical generating capacity.

" Another factor to consider is that the current and planned
technology for electrothermal thrusters is in the range of thrust up to

approximately 10 N (2 1b), as shown in Figure 6.1-1 from Reference 6-1.
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The gravity—gradient application for the ATSS requires development of
thrusters which are 10 to 100 times this current planned thrust level,
depending upon the number that may be considered practical to cluster at
one point.

The influence of the two system parameters, i.e., total thrust and
peak power are such that electrothermal thrusters within the practical
range of overall efficiency cannot be applied to the ATSS gravity-
gradient reaction requirement. The peak unit thrust of 106 N (23 1b)
implies the use of a chemical rather than electrothermal thruster
implementation.' The electrothermal options may still be considered for
drag make-up or other attitude control functions. However, the complete
stabilization system would require the higher thrust chemical thrusters
to maintain control under the gravity-gradient influence, unless a gyro

approach is used. (See Section 5.)

6.3 Application to the Atmospheric Drag

The atmospheric drag force has a peak value of approximately 7 N (1.5
1b) over the nominal orbital path, as shown in Figure 5.1-1. Although
the atmospheric drag is a continuously varying parameter throughout the
orbit, it is practical to consider applying the reboost thrust at a fixed
level over an interval to achieve the desired effect. The baseline ATSS
orbit-keeping thrusters use approximately 6.8 kg (15 1lb) of hydrogen and
oxygen propellant per orbit to maintain altitude. Considering the low
tllrust level and inodest propellant consumption, the orbit-keeping
function is potenti{:llly suited for application of the electrothermal
thruster option. Space Station Freedom uses a resistojet for this

function.



The electrical power required to operate a resistojet at 5 N (1.1 1b)
thrust level can range fraom 16 to 38 kW based upon fhe predictions of
Reference 6-1. This power level is practical for the ATSS. The baseline
propulsion system uses hydrogen and oxygen as the propellants, which are
electrolyzed from water. The electrolysis process, at a 70 percent
efficiency, develops propellant gas at the equivalent ratio of 0.202 N/kW
fO’.0452 1b/kW) for power consumption. For the nominal 5 N (1.1 1b)
thruster, t.h_is. is the equivalent of 22.7 kKW in electrical power demand.
Therefore, if water is used as the resistojet probellant, the power
consumption would be comparable to that for the baseline chemical rocket
system. One difference is that for the chemical rocket, the electrical
energy use may be displaced in time and spread over time compared with
the time of thrusting. In the resistojet the electrical energy is used

in real time with the thrusting event. At the level of power being used,

‘i.e., 20 KW compared with the t{otal capacity of 2500 kW, this time

related difference should not prove to be significant.

A significant effect is the potential difference in specific impulse
of the chemical and the electrothermal thrusters. The chemical
(hydrogen-oxygen) thruster is projected to develop a specific impulse of
4310 N-sec/kg (440 sec). A water propellant resistoj’et would be limited
to specific impulse of approximately 2942 N-sec/kg (300 sec), as
illustrated 1n Figure 6.1-2. Therefore, approximately 50 percent more
water would be consumed by the electrothermal thruster to perform the
same function with the same or lower power level. To improve the mass
effectiveness would require going to higher power‘ levels and selecting a

propellant such as hydrogen.



Hydrogen, as the propellant generated from electrolysis of water
onboard the ATSS, would increase the power demand for propulsion. Since
water is camprised “of only one-ninth hydrogen by mass, the electrical
demand per unit mass of hydrogen generated is the equivalent of 0.045
N/KW (0.099 1b/KW) for a hydrogen jet with specific impulse of 8630 N-
sec/kg (880 sec). In addition, the hydrogen must be heated in the
resistojet, using an additional power allocation of about 0.2 N/KW. This
brings the total power for the 5 N (1.1 1b) thruster level to the sum of:

5
- 0.045

S _ -
+b-.*'2‘—-111+25—136kw

This hydrogen resistojet would consume six or more times the power of the
water resistojet when the electrolysis energy is included. Also the mass
of oxygen liberated would have to be allocated to the resistojet system
mass as bemg a non-propulsion byproduct. Some of the excess oxygen
could be | allocated to atmospheric leakage from the ATSS enviromment, but
the leakage is not anticipated to consume the daily surplus of oxygen
‘equivalent to the: hydrogen propellant. Tﬁerefdre, onboard generated
hydrogen for a resistojet results in a distinct disadvantage in total
power consumption and also equivalent mass (propellant) consumpfion when
compared with the baseline chemical thruster option or the water
resistojet. If hydrogen or ammonia is resuppiied from Earth, then the
power to synthesize the propellant and the penalty of surplus oxygeh are
not allocated to the resistojet mechanization. However, hydrogen is a
bulky, i.e., lower density commodity to resupply, and the baseline ATSS
has elected not to resupply hydrogen.

The selection of a low (5 N, 1.1 1b) thrust resistojet option for
drag make-up, or orbit-keeping will also depend upon the navigation

system choices. Instead of essentially continuous orbit-keeping, it may

4
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be determined that dorrections would only be made after a number of
orbits. The latter would favor high thrust options such as the chemical

thruster approach.

6.4 Application to the Solar Radiation Disturbance
The solar radiation pressure force is about 0.1 N (0.02 1b) during
the sunlit portion of the orbit. This small effect and action time does

not require a separate mechanization.

6.5 Arc-Jet Electrothermal Thruster Option

.The arc jet is another type of electrothermal thruster to be
evaluated as a ‘1ow thrust candidate. In the arc jet, the electrj.cal
energy is introduced into the propellant gas stream from an arc discharge
spanning the gas flow. The propellant is dissociated and ionized. into a
plasma state and expanded throuch a nozzle to proyide thrust. This
approach differs from the resistojet in that the electrically generated
-heat does not first pass through a resistance material in contact with
the gas. The operating temperatures can be much higher in the arc jet,
and therefore the jet velocity and specific impulse are higher than for
the resistojet. The arc jet has a typically low electrical conversion
efficiency due to several intrinsic loss effects. Chemical recambination
of the plasma is not achieved in the expansion, and there are large
losses associated with unrecovered chemical energy. Other losses
include thermal radiation and electrode-arc effects. The net electrical
efficiency is in the range of 10 to 20 percent insofar as the usable
eﬁergy that is recovered in the jet compared with the input. Another

characteristic of the arc jet is that the electrodes erode under the
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influence of the arc, which limits their operating life. Operation in a
pulsed arc mode has been suggested as a method for prolonging electrode
life.

Power consumption .is the key consideration in evaluating the arc-jet
application to the ATSS. The thrust versus power characteristic of arc
jets is presented in Figure 6.1-1 from Reference 6-1. Arc jets appear to
require three to four times the power of an equivalent resistojet.‘
Reference 6-1 reported thrust to power ratios of from 0.036 to 0.18 N/KW
(0.008 to 0.04 1b/kW) for arc jets as compared with 0.14 to 0.31 N/KW
(0.03 to 0.07 1lb/kW) for resistojets. The power consumption of an afc
jet with 5-N (1.1-1b) of thrust would be in the range of 28 to 140 kW.
The 5-N (1.1-1b) thrust level is approximately the magnitude of the
aerodynamic drag force that must be overcame to maintain the selected
orbit. The arc~jet application, if any, to the ATSS is best suited for
the function of aerodynamic drag make-up using water as the propellant
medium. The power demand to generate 5 N (1.1 1lb) of thrust is
approximately five percent of the generating capability of the power
system and the prospective benefit over the use of options other than the
arc jet is a reduction.in propellant mass of 1 to 2 kg (2 to 4 1b) per
orbit. The technology would have to be developed for long life operation
with water as the propellant in the arc jet. Configuration of an arc-jet
thruster is propellant—specific because the current-voltage
characteristic of ?the power supply depends upon the electrical
conductivity of ;the plasma generated between the electrodes.
Contemporary arc-jet thrusters are being developed for use with ammonia

and hydrogen propellant to take advantage of the potentially high
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specific impulse with these propellants. As was noted, hydrogen

generation on the ATSS is a heavy power consumer.

6.6 Summary
In summary, it appears that the resistojet with water as the

propellant could be applied to the atmospheric drag make-up function of
the ATSS. The thrust required is compatible with the planned capability
for resistojets. The electrical power consumption is comparable to that
for the hydrogen-oxygen chemical thruster when the electrolysis energy is
included. The overall specific impulse for the water resistojets is
about two-thirds that‘ of the chemical thruster, and therefore more water
is consumed. However, the effect is approximately 3.4 kg (7.5 1lb) per
orbit for the mass penalty. The use of hydrogen as the propellant in a
réistojet thruster would reverse this mass penalty but would increase
power consumption and require hydrogen resupply to be practical for the
ATSS application. The thrust level that can be achieved at reasonable
power levels is campatible with the drag make-up application requirements

and would permit more or less continuous correction to be accampl ished.
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7.0 SPACE STATION STRUCIURES AND IAUNCH VEHICLE TECHNOLOGIES

The ATSS concept described in References 7-1, 7-2, and 7-3 uses
expandable structures which include modular, telescopic, and erectable
trusses that are launched as subassemblies and assembled on low Earth
orbit (LEO). The habitats contain a pressure that is the equivalent of
one Earth atmosphere, and they rotate at less than 3 rpm to simulate the
gravity of Earth in the torus. Heavy lift launch vehicles (HLLV) with
capabilities for handling payloads having masses up to 2.7 x 10° kg (6 x
10° 1b) (Reference 7-4) will be required to deliver the 24 torus
subassemblies of the ATSS to IEO in approximately 12 launches. .'Ihis
section examines the potential for alternate launch vehicle capability to
deliver torus subassemblies to orbit based on several expandable
structures concepts. The payload envelope size and mass limitations
dictate the number and size of the modules and subassemblies. The usage
of composite structural materials is also examined to assess the benefit
of launching reduced mass payloads.

The launch vehicles, structural concepts, selection Qf materials,
number of launches to LBO, and the level of extravehicular activity (EVA)
to assemble a rotating torus and other ATSS subassemblies are reviewed
for the purpose c;f more clearly focusing on the real need for and
potential benefits of advances in structures, materials, and launch

vehicle technologies,

7.1 Scope of Analyses arnd Discussions
The structural design of a rotating space station must be altered
from the ATSS configuration if it is to be delivered to LEO by launch

vehicles with different mass and volume capabilities than the HLIV



assumed for the ATSS. Four expandable structural concepts have been
examined for this purpose. The large rotating torus was configured using
selected expandable structures concepts to fit four classes of launch
vehicles. In addition, a smaller rotating space station was configured
using launch vehicle elements as building blocks. These selections are
shown in Table 7.1-1. The Saturn V is not a real option but is included
for comparison purposes. The Jarvis HIIV is being proposed for use in
the 1990's.

In the discussions of these example applications, the structural
concepts are defined, estimates are made of the mumber of launches
required to deliver the torus or station to IEO, the orbital assembly
techniques are identified, and estimates of EVA and intravehicular
activity (IVA) are made as appropriate. This section includes a
discussion of mass savings using composite structural materials instead
of aluminum and a summary of conclusions regarding advanced technologies

of structures, materials, and launch vehicles.

7.2 launch Vehicles

"7.2.1 National Space Transportation System and Expendable ILaunch
Vehicles

The National Space Transportation System (NSTS) consists of an
Orbiter (Space Shuttle), an external tank, and two strap-on solid rocket
motors. The Orbiter is flown back to Earth from IEO and is reused. The
solid rocket motor boosters are recovered after each launch and reused.
The external tank is expendable and is jettisoned just prior to the
Shuttle Orbiter being inserted in ILEO. The external tank reenters the
Earth's atmosphere and is destroyed over the ocean (Reference 7-5). The

Shuttle Orbiter is designed to transport a maximum of 2.9 x 10% kg (6.5 x
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10% 1b) mass to LEO but it is currently rated to transport 1.77 x 10% kg
(4 x 10% 1b) to a 407 km (220 mmi) circular orbit at an inclination of
28.45°. An increase in rocket motor thrust with a flight qualification
test program is required to rate the Orbiter for its maximm payload 1ift
capability. The cargo bay is 4.6 m (15 ft) in diameter by 18.3 m (60 ft)
in length. Each payload and its support flxtures must fit within the
flight envelope of the cargo bay, requiring close coordination with the
NASA Johnson Space Center payload manifest specialists.

The Space Shuttle is this nation's primary launch vehicle that is
capable of transporting a payload of large mass and size to IFO. The
current Shuttle lauhch schedule shows two launches in 1988, nine launches
during 1989, and eight during the year 1990. These are followed by an
increase during each succeeding year to a total of 14 by the mid-1990's*

Expendable launch vehicles (ELV) such as Titan III and Titan IV
camplement the NSTS by launching payloads which do not justify or are
not compatible with Shuttle launches. The Titan IV ELV has a payload
size comparable to the Shuttle. The present payload mass launch
capability to IEO is 1.77 x 10% kg (3.9 x 10% 1b) (Reference 7-6).
Several United States EIVs are also available that can transport a lesser

mass and size payload to ILEO and are listed in Table 7.2-1.

7.2.2 Past and Future United States ILaunch Vehicles
The Saturn V was a heavy lift launch vehicle abandoned in 1973 after
the Apollo and Skylab programs. It could launch a 9 x 104 kg (2 x 109

1b) payload to a 500-km (270 mmi) circular orbit at an inclination of 50

*Telephone interview with Mr. Craig Carothers, NASA-JSC, March 2,
1988

7-4



€261 GINOANVEY .

88/EL/ "0 “J9AUSQ ‘ellalie URJBIY ‘WD ] 1A UoDNAL 9 xst) Yoz X9y (6€) re P NVLL
SR/EL/Y ‘0D ‘19AUSQ ‘enide URie ‘WelnD 1 71N uednaL Lyxel) erLXLE (g'18) . eyt ENVIL
89/L ‘SOIWBUAQ [8J0USD ‘BlUM "D USQOH IN UODA3L (stxzi) Y XLE (z1) v's | HNVINIO SV UV
. 88/92/2 ‘04SD - VSYN ‘PIOJedS ¥oIa "IN uoDfdL (oL x¢) 0eEX L2 (sL'8) 6c nviiaa
88/ ‘OHE] - VSYN ‘uep Aue]  uodnal (sx57?) S'LX80 (setro) 120 1noJs
8872 “OSI - VSVN ‘sieqioss) Bleid "4y uod/el l09xs1)  gBLxgY bv) st I1LINHS
2-2 eduasjey 8LLX2Z)  6SEXLS (eo2) £v6 «ANYNLYS
1-1 93UaI3)3Y (e xgt) £LLX6E (zg) g9l 81 NUNLYS
Ww (ar g o1} By g ot
30HNOS NOLLYWHO NI WbiaH x saraweiq H13 WoHd 03101 FTOHIA
321S GYOAVd SSYW QVOTAYd HONAVT

STIDIHAA NANIVS HHL HLTM GRRIVdWOO SHIOTHAA HONMNT VSl JNRD dWOS T-¢°L JITdVL

7-5



deg. The Skylab workshop payload size envelope was 6.7 m (22 ft) in
diameter by 36 m (118 ft) in height. The Saturn V launch vehicle is
mentioned here for comparison with the payload mass launch capability of
current and proposed HLIVs (Reference 7-7).

The Jarvis launch vehicle is a proposed HIIV concept capable of
llaunching a 8.4 x 104 kg (1.85 x 10° 1b) payload to LEO. The payload
ervelope would be 8.4 m (27.5 ft) in diameter by 25.6 m (84 ft) in
length. The Jarvis is a shuttle-derived vehicle that would use shuttle
main engines, external tank, and strap-on solid rocket motors as designed
for current manufacturing methods (Reference 7-8).

A future HIIV has been studied at the NASA Marshall Space Flight
Center for the year 1995 and beyond which could launch a payload of 2.7 x
10° kg (6 x 10° 1b) to IFO (Reference 7-4). The payload size envelope

would be 15.2 m (50 ft) in diameter by 61 m (200 ft) in length.

7.2.3 launch Services Available fram Foreign Nations

Russia, India, ¢China, France, and Japan have developed launch
capabilities which could be provided to the United States. Table 7.2-2
is a list of international expendable launch vehicles identified by the
payload mass they can deliver to orbit (Reference 7-9). Russia's Proton
kSL-13) and France's Ariane IV are capable of delivering payloads to LEO
in the same mass category as the currently rated Shuttle Orbiter
(Referexw 7-10 and 7-11). The Proton launch vehicle has proven very
reliable with over 100 successful launches. Russia's Energiya HLIV is
capable of launching a 1 x 102 kg (2.2 x 10° 1b) payload to LEO which
compares with the payload launch capabilities of the Saturn V launch

'vehicle. The features of Soviet launch vehicles are summarized in Figure
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TABLE 7.2-2 EXPENDABLE TAUNCH VEHICLES OF THE WORLD
(Adapted from References 7-9 and 7-10)

LAUNCH PAYLOAD MASS
COUNTRY NAME MASS AND ORBIT STATUS
Tonne (10 31b) kg (Ib)

CHINA cz-ic 88 (194) 400 (880) SSO OPERATIONAL
CzZ-2 191 (420) 2,600 (5,720) LEO OPERATIONAL
Cz-2/4L 419  (921) | 9,000 (19,800) LEO FIRST FLIGHT 1990
Cz-3 202 (444) 1,400 (3,080) GTO OPERATIONAL
CzZ-3/4L 420 (924) | 5,000 (11,000) GTO FIRST FLIGHT 1992

EUROPE | ARIANE 4 471 (1,036) | 4,200 (9,240) GTO FIRST FLIGHT 1987

ARIANE 5/H10 550 (1,210) 8,200 (18,040) GTO FIRST FLIGHT 1994
ARIANE 5/L4 550 (1,210) {15,000 (33,000) LEO FIRST FLIGHT 1995

INDIA ASLV 40 (88) 150 (330) LEO FIRST FLIGHT 1987
PSLV 276 (607) | 1,000 (2,200) SSO FIRST FLIGHT 1989
GSLV N/A 1,300 (2,860) GTO PROPOSAL

JAPAN M-3S 49  (108) 290 (638) LEO OPERATIONAL

M-352 61 (134) 770 (1,304) LEO OPERATIONAL
H-2 258 (568) | 2,000 (4,400) GEO FIRST FLIGHT 1992

USSR VOSTOK: 279 (614) | 1,000 (2,200) SSO OPERATIONAL
soyuz 326 (717) | 7,000 (15,400) LEO OPERATIONAL
SL-3 290 (638) | 6,300 (13,860) LEO OPERATIONAL
SL-4 310 (682) | 7,500 (16,500) LEO OPERATIONAL
SL-6 310 (682) | 2,100 (4,620) LEO OPERATIONAL
SL-8 120 (264) | 1,700 (3,740) LEO OPERATIONAL
SL-11 180 (396) | 4,000 (8,800) LEO OPERATIONAL
SL-12 680 (1,496) N/A LEO OPERATIONAL
SL-13 } PROTON 670 (1,474) | 19,500 (42,900) LEO OPERATIONAL
SL-13 680 (1,496) | 2,000 (4,400) GEO OPERATIONAL
SL-14 190 (418) | 5,500 (12,100) LEO OPERATIONAL
SL-16 400 (880) | 15,000 (33,000) LEO OPERATIONAL
HLLV 2,000 (4,400) [100,000 (220,000) LEO | UNDER DEVELOPMENT
HLLV W/SPACEPLANE | 2,000 (4,400) | 30,000 (66,000) LEO | UNDER DEVELOPMENT

|

USA ATLAS H 130 (286) | 1,361 (2,994) LEO OPERATIONAL
ATLAS G/CENTAUR 164 (361) | 21177 (4,789) GTO OPERATIONAL
ATLAS K/CENTAUR 215 (473) | 2,948 (6,485) GTO PROPOSED
TITAN 2 200 (440) | 1,905 (4,191) LEO OPERATIONAL
TITAN 3 760 (1,672) | 14,470 (31,834) LEO OPERATIONAL
TITAN 4 1,000 (2,200) | 17,690 (38,918) LEO FIRST FLIGHT 1988
DELTA 3920 193 (425) | 1,284 (2,825) GTO OPERATIONAL
DELTA 6920 N/A 1,447 (3,183) GTO FIRST FLIGHT 1988
DELTA 7920 N/A 1,615 (3,553) GTO FIRST FLIGHT 1990
ENHANCED DELTA 2 N/A 1,819  (4,002) GTO PROPOSAL
SCOUT G-1 21 (46) 200 (440) LEO OPERATIONAL
UPGRADED SCOUT N/A 550  (1,210) LEO PROPOSAL
CONESTOGA N/A 1,360  (2,992) LEO | UNDER DEVELOPMENT
AMROC N/A 1,878  (4,132) LEO | UNDER DEVELOPMENT
LIBERTY 281 (618) | 9,070 (19,954) LEO PROPOSAL
JARVIS N/A 38,500 (84,700) LEO PROPOSAL
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7.2-1 and show the SIL~13 Proton in camparison with the heavy 1ift
configurations under development. Figure 7.2-2 provides a summary of

current and proposed international EIVs.

7.3 Expandable Structural Configurations
The configuration of the ATSS torus assembled from 24 completely
outfitted modules is shown in Figure 7.3-1 for comparison purposes with

the torus assembly concepts described in this section.

‘7.3.1 Structural Confiqurations for a NSTS Launch

These alternate configurations are des-igned of components,
modules, telescopic assemblies, and erectable truss structure sized to
 permit transport to IEO via the NSTS. The ATSS habitat torus is
assembled of equal 1en<jth segments having a 7.6-m (25-ft) minor radius
and a ‘114.3-m (375-ft) major radius. Three expandable structures
concepts are defined which permit on-orbit assembly of a torus having a
near comparable volume to the torus proposed for the ATSS. The concepts
aré inflatable, hinge foldable, and telescopic structures. A torus
‘formed of cylindrical segments is sized and designed to fit within the
éayload envelope of the NSTS.

"The first ooncept uses an inflatable torus segment 15.2 m (50 ft) in
diameter by 18.3 m (60 ft) in length constructed as a stressed skin
- pressure vessel. The composite vessel wall is tape or filament wound of
. glass fiber reinforced plastic. The plastic matrix resin is partially
poiynerized ("B" staged) to permit the wound vessel segment to be
foldable. A fold pattern as shown in Figure 7.3-2 permits a 12 ray

folded segment to fit within a 4.6-m (15-ft) diameter payload envelope.

7-8
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Figure 7.3-1 ATSS Torus Assembly of Cylindrical Segments

(Reference 7-2)
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Aftér delivery to LEO, the module is inflated and the matrix resin
polymerized (hardened) to "C" stage using solar ultraviolet light or
electron beam energy (References 7-12 and 7-13). A total of 40 such
segments would be required to form a torus that has a major radius of
114.3 m (375 ft).

A second concept uses a semirigid hinge foldable structure. The
cylinder is formed of rigid, narrow curved panels which permit folding
the cylinder into a daisy-petal cross-sectional configuration. Thus, the
15.2-m (S0-ft) diameter cylinder, when folded, fits within the 4.6-m (15-
ft) diameter payload envelope of the Shuttle Orbiter (Figure 7.3-3). The
daisy-petal fold pattern provides a high packaging density payload for
transport aboard the Shuttle Orbiter. Upon delivery to orbit, the folded
configuration is unfolded and locked into a cylindrical shape with
elastomeric vacuum tiglmt seals at the hinge joints. Closures required at
the ends of the cylmder are made of a "B" staged matrix resm filament
or tape wound .composite structure which is unfolded on-orbit for
attachment to the cylinder ends and hardening in plaqé. . 'I‘tvle‘ daisy;petal
fold concept for expandable structure is reviewed in Table 7.3-1, whereby
different fold patterns are evaluated to form a 15.2-m (50-ft) diameter
cylinder on-orbit. The number of petals of the fold pattern will dictate
the minimum radius for the folded cylinder to establish a specific
payload size. Decreasing the number of daisy petal folding segments
increases the minimum radius of the folding system. Forty of these
erectable cylinders are required to permit assembly of the torus on-
orbit.

A third concept of placing a torus in IFO via the Shuttle is

accamplished by transporting three telescoped cylinders to orbit per each

RN
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Shuttle launch. The inner cylinders are extracted and joined with other
cylinders on-orbit. Nine cylinders assembled as shown in Figure 7.3-4
constifute one torus segment. The 18.3-m (60~ft) length requires on-
orbit assembly of 40 segments to form the torus. A total of 120 Shuttle
launches are required to deliver the telescoped cylinders to orbit, and
‘extensive EVA and IVA are required to assemble the 360 individual

cylinders into a camplete torus.

7.3.2 Structural Configurations for a Saturn V ILaunch

The Saturn V vehicle could 1ift 9 x 10% kg (2 x 105 1b) to LEO with a
payload size of 6.7 m (22 ft) in diameter by 30.5 m (100 ft) in length.
Two concepts were considered to deliver the torus segments to IBEO aboard
a Saturn V vehicle. The first concept uses the daisy-petal fold
c_oﬁfiguration, and the second concept uses telescopic cylinders.

The first concept of the daisy-petal fold configuration uses 30.5-m
(100-ft) length éegments which fold to fit within the diameter of the
payload envelope. Upon delivery to orbit, the torus segment is unfolded
to form a 15.2-m (50-ft) diémeter by 30.5-m (100-ft) length segment as -

shown in Figure 7.3-5. This concept provides a 24-segment torus assembly

- requiring 24 Saturn V launches. The torus formed by this concept would

have to be equlpped with end closures, flooring, air locks, and a
complete life support subsystem to provide a habitat.

A second concept telescopes three cylinders, one within the other, to
form a payload assemhly- 6.7 m (22 ft) in diameter by 30.5 m (100 ft) in
1e.ngth The cylinders are disassembled and reassembled in an array as
shown in Figure 7.3-6. Six cylinders are required per segment, requiring
48 launches for assembly of a complete torus. The innermost cylinder is

7-16



NINE CYLINDERS

ASSEMBLED PER
TORUS SEGMENT
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Figure 7.3-4 Shuttle Launched Telescopic Cylinders to Form a Torus
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— SIX CYLINDERS

ASSEMBLED PER

TORUS SEGMENT

" Figure 7.3-6 Saturn ILaunched Telescopic Cylinders to Form a Torus



completely outfitted with end closures, air locks, flooring, 1life
support, and other subsystems for delivery to orbit. Two ocuter cylinders
of each launch assembly are delivered to orbit as empty shells, each
having one end closure. The empty shells are scarred to receive flooring

and subsystem equipment after assembly on-orbit.

7.3.3 Structural Configuration for a Jarvis Launch

The Jarvis launch vehicle will have a payload lift capability of 8.4
x 104 kg (1.85 x 105 1b) to IEO and a payload size of 8.4 m (27.5 ft) in
diameter by 25.6 m (84 ft) in length. The Jarvis vehicle could deliver
A'torus segments to orbit using the two concepts reviewed for the Saturn v
vehicle. The first concept, shown in Figure 7.3-7, constructs a
cylinder 15.2 m (50 ft) in diameter by 25.6 m (84 ft) in length using a
daisy-petal fold configuration. Twenty-eight HIIV launches would be
required to deliver the segments for assembly of a torus. Upon assembly,
the torus would require the addition of end closures, air locks,
flooring, partitioning, life support equipment, and other subsystems
required to form a habitat.

The second concept assembles a torus on-orbit by joining 28 segments,
each comprised of three contiguous cylinders. The Jarvis vehicle
delivers three telescoped cylinders to orbit per launch, requiring 28
Jarvis launches to deliver the complete torus. The torus assembly
concept is shown in Figure 7.3-8 and would require extensive EVA and IVA

for assembly of the 84 cylinders.
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7.3.4 Structural Configurations for an Advanced HLIV ILaunch

One HILV proposed for 1995 could 1lift 2.72 x 10° kg (6 x 10° 1lb) to
IFO with a payload size envelope of 15.2 m (50 ft) in diameter by 61 m
(200 ft) in length (Reference 7-4). This capacity accommodates the ATSS
concept; twelve launches are required to deliver 24 completely outfitted
segments, each 30.5 m (100 ft) in length, for on-orbit assembly of a

complete torus as shown in Figure 7.3-1.

7.4 Modular Structure Concepts Using NSTS External Tanks
7.4.1 Torus from Tanks

The external tank of the Shuttle Orbiter is comprised of two
cryogenic vessels joined by an intertank structure (Figure 7.4-1). The
cylindrical hydrogen tank is 8.4 m (27.5 ft) in diameter by 29.3 m (96
ft) in length. The smaller oxygen tank, of tear-drop design, has a major
diameter of 8.4 m (27.5 ft). Normally, the external tank is jettisoned
just prior to orbital insertion of the Shuttle Orbiter and is destroyed
during atmospheric re-entry.

In this modular concept, the hydrogen tanks are modified to provide -
air 1locks, and ‘scarring of intermal and extermal structural
reinforcements permits on-orbit assembly of the tanks (one per launch)
into a torus. The orbiter's external tank carries sufficient contingency
fuel for placement of the externmal tank into orbit with the Shutﬁle
Orbiter; however, the extra boost velocity for the tank reduces the
payload capability ‘for the orbiter. To make the tanks usable in orbit,
the cargo bay payload lift capability of the Shuttle Orbiter is further
reduced to allow. the necessary mass increases due to structural

modifications of the external tank. For example, 1.36 X 104 kg (3 x 104
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"1b) of structurall modifications, air locks, and thermal insulation added
to the external tank reduces the cargo bay transport capability from 2.9
x 10% kg (6.5 x 104 1b) to 1.59 x 104 kg (3.5 x 10% 1b). The cargo bay
payload consists of various equipment modules and experiments that are
installed in the hydrogen tank on-orbit to outfit a functional
laboratory. The llliquid oxygen tank is repositioned and aﬁtached to the
hydrogen tank to provide a cryogenic storage vessel for liquid oxygen for
life support. Even though the hydrogen tank diameter and resulting
volume are not as great as those for the ATSS, the tank does profride
(with current technology) a pressure-tight man-rated vessel that is
proof tested at 248 kPa (36 psi) internal differential pressure.
Assembling the torus from 24 hydrogen tanks requires 24 Shuttle launches.
Follow-on flights of the Shuttle can deliver tanks which become the
modules of the Earth observatories and the solar observatory. The
central tube is fabricated from a hydrogen tank with a rotating hub
attached. Telesocopic spokes are delivered to ILEO in the cargo bay of the
shuttle, but their size is limited by the cargo bay diameter to less than
4.6 m (15 ft).
The hydrogen tank of the Shuttle external tank assembly may require
an increase in tank wall thickness. t:os contain one Earth atmospheric
pressure with an adequate safety factor. An evaluation was made of the
effects of reducing the internal atmospheric pressure of the torus on the
performance of the astronauts. It was concluded that a minimum
atmospheric pressure of 70.3 kPa (10.2 psia) comprised of 27-—perdeht
oszgen and 73-percent nitrogen is required to assure an adequate partial
pressure of oxygén in the lungs. These percentages and‘ pressure

relationships were chosen to minimize the materials flammability hazards



in the cabin and yet, assure the astronauts would live and work in an
Earth normal atmosphere equivalent to approximately a 4,000 ft altitude.
Normal, healthy people could readily adapt and perform well in this
pressure range (Reference 7-16). Significant materials flammability
hazards are introduced if the oxygen atmospheric percentage exceeds 30
percent and restricts the selection of materials that are compatible with
an oxygen rich atmosphere (Reference 7-17). ‘

The Shuttle Orbiter's external tank is clad with a spray-on foam
insulation formilated of polyurethane resin. This\ foam material outgases
in vacmm and is not acceptable for use in the vicinity of sensitive
optical instrumentation (Reference 7-14). Therefore, a low outgassing
cryogenic insulation clad with a suitable micrometeoritic protective
shield would be applied to the tank exterior.

Studies were reported in Reference 7-3 of an aft cargo carrier (ACC),
8.4 m (27.5 ft) in diameter by 6.1 m (21 ft) in length as an add-on
module at the aft end of the hydrogen tank. The ACC can transport cargo
having a diameter almost twice that of the Shuttle's cargo bay (Reference

7-14).

7.4.2 Elemental Rotating Space Station from Tanks

- One of the top priority technology requirements identified in
,Refererx:é 7-3 was the need to determine the physiological effects of
artificial gravity on astronauts. This information is vital and will
dictate the habitat design of the ATSS as related to space station
rotétion rate, habitat design, astronaut adaptability to long term space

travel, and many other factors.



An orbiting elemental rotating space station could be placed in IEO
with today's technology to permit study of the effects of artificial
gravity on humans. The rotation rate of the elemental rotating station
could be controlled to vary the artificial gravity from near zero to the
equivalent of one Earth gravity. The station could consist of two NSTS
external tanks, serving as habitats. Each tank could be placed at
diametrically opposite ends of telescopic spokes which rotate about a
central hub. The spokes would be designed to fit within the Sﬁuttle
cargo bay and extend to approximately 107 m (350 ft) from a central hub.
The hub would have two air lock docking nodes to provide the ability for
rendezvous and transfer of crew. The elemental mtéting space station is
shown in Figure 7.4-2 to indicate the method of extermal tank attachment
to the ends of the spokes. The life support, thermal, and power
subsystems used for the Skylab workshop are employed to upgrade the
hydrogen tanks as habitats. A propulsion subsystem controls and

maintains the rotation rate of the station and maintains orbital

altitude.

7.5 Structural Weight Trades of Aluminum Alloy Versus Aerospace Advanced
Structural Composites

The limited 1lift capability of currently available launch vehicles
encourages the saviﬁg of structural weight of the payloads wherever
practical. In an effort to reduce aircraft weight, military and civilian
aircraft structure have been fabrlcated of structural compos1tes, and the
percentage of weight saved versus using conventional aluminum alloy
construction is shown in Table 7.5-1. The weight savings range from 15
to 47 percent depending on the design, matrix material, and structurél

reinforcement selected (Reference 7-18).
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Aerospace advanced structural composites are comprised of continuocus
filament reinforcements in a woven, or non—woven, form embedded in a
synthetic resin matrix. The matrix resin is a means of binding layers or
plies of filaments, or woven yarns together to achieve a 1load
transference capability from filament to filament and fram ply-layer to
ply—iayer. The strength directional properties of the laminate can be
controlled by tailoring the reinforcement plies predominant strength in
specific orientations. The more widely used reinforcement filaments are
glass, carbon, graphite, aramid, and boron. The matrix resms are
classed as thermosetting and thermoplastic. The thermosetting matrix
resins are chemically hardened and do not soften with heating but will
char and decompose at high temperature. 1In contrast, the thermoplastic
matrix resins soften when heated and harden upon cooling without chemical
change. Some thermoplastics become quite fluid at elevated temperature,
and prcvvidé an efficient thermal lamination process for preimpregnated
reinforcemehts not readily achieved with the thermosetting matrix resin
systems. Some examples of thermosetting and thermoplastic resins are
listed in Table 7.5-2.

The largest data base of advanced structural composites has been
generated using thermosetting epoxy matrix resins. Some examples of the
strength and stiffness of various reinforcement filaments and the
combinatidn of filaments embedded in an epoxy resin matrix are compared
with steel, aluminum, titanium and beryllium in Table 7.5-3.

Structural camposites offer a significant reduction of individual
piece part count due to the limited use of mechanical fastening methods
required to assemble the structure. For example, a curved composite

sheli with trapezoidal hat-shaped stiffeners could be laminated in one

7
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piece using autoclave processing, thus eliminating the need for riveting
or adhesive bonding of the stiffeners to the shell. Thin sheets of
chemically milled or machined titanium metal have been laminated locally
between plies of a structural composite to provide high load bearing
attachment points for assembly with other structure. Titanium has been
selected for these applications based on specific strength, bearing
strength, corrosion resistance, and low coefficient of thermal
expansion. Specific adhesion is accomplished between the titanium metal
insert and the matrix resin of the structural composite to achieve a
highly reliable structural assembly method. The titanium insert's shape
and thickness profile are closely controlled to distribute shear stresses
at a low level and minimize stress raisers between the matrix resin and
metal interface.

'Iﬁe ultimate tensile strength of aircraft materials is compared in
the bar chart of Figure 7.5-1 to indicate the strength of structural
composvites versus selected aircraft metals. Aluminmum metal is the widely
accepted aerospace structural material with a large applications data
base. Aluminum has near uniform strength properties in all directions.
By contrast, structural composites may be highly anisotropic due to the
| pﬁeferred orientation of reinforcement plies. The ability to control the
preferred strength direction of a composite laminate by orienting the
prvédomihant strength direction of each ply can yieid a composite having
high strength in one direction. The composite would have lesser
strength in the transverse planar direction and in the direction normal
to the pléne of .the reinforcement plies. A structural composite having
preferred reinforcement orientation can surpass the tensile strength of

titanium and have masses only 60 percent of an equivalent aluminum item.
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The military and NASA have generated a substantial data base on
applications of advanced structural camposites for aerospace.

The mechanical properties of structural "I" beams made of steel,
titanium, aluminum, and graphite epoxy composite are compared in Table
7.5-4. The moment of inertia of each of the beams is ldentical to permit
correlation of beam stiffness "EI" and mass per. unit length. The
stiffness of the graphite epoxy camposite campares favorably with that bof
the steel beam at approximately one-fifth the mass. Judicious placement
of camposite reinforcement plies in the oconstruction of structural
members can equalize the stress levels th the composite
structure with a consequent savings in mass.

In summary, aerospace advanced structural composites can be
fabricated into complex shapes with a significant piece part count
reduction. The ability to laminate structure with metal inserts provides
increased capability of attachirgy the structure at high load bearing
locations. Smooth laminate surfaces may be achieved without surface
distortion where structural reinforcements are attached by lamination or
adhesive bonding. Iaminate thickness control and predominant ply
A reinforcement orientation can provide custom tailored structure designed
with minimum mass to perform its load carrying function. Mass savings of
15 to 47 percent have been achieved by substituting advanced structural

camposites for conventional aluminum aircraft construction. It is
anticipated that ATSS structures fabricated of advanced structural
camposites would provide similar factor in mass savings.

Filament or tape wournd structures provide a stressed skin pressure

vessel from which habitats, safe havens, and gas pressure bottles can be

ORIGINAT PAGE 13
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TABIE 7.5-4 OOMPARATIVE PROPERTIES OF A STRUCTURAL SHAPE .
(Reference 7-19)

Steel
A36

Titanium
6 Al-4V

Aluminum
7075-T6

Graphite/Epoxy
Composite

Moment of Inertia, |

em? (in% )

520.7 (12.51)

520.7 (12.51)

520.7 (12.51)

520.7 (12.51)

Modulus of Elasticity, E

GPa (10 & psi) 186 (27) 117 (17) 69 (10) 179 (26)
Stiffness, El . . v

MN-m 2 (108 Ib-inz) 0.97 (3.38) 0.61 (2.13) 0.36 (1.25) 0.93 (3.25)
Ultimate Tensile Stress

MPa (ksi) 552 (80) 1103 (160) 572 (83) 965 (140)
Mass per Unit Length '

kg/m (Ib/it) 7.7 (5.2) 4.3 (2.9) 2.8 (1.9) 1.5 (1.0)
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made. Further matrix resin development is required to prevent resin

crazing when used for cryogenic storage of liquified gasses.

7.6 Payload Mass Savings Effect on Number of Launches Required
The use of advanced structural camposites can influence the number of

launches required to assemble spacecraft components and subassemblies on-

orbit. Each launch vehicle system is both payload size and mass limited,

therefore, structural composites provide mass savings permitting the
delivery of more internal structures and equipment per launch. For
example, a structural composite might be substituted for a steel
structure providing equivalent strength and stiffness for approximately
one-fifth the mass. This savings in mass suggests a means for

fabricating hand tools, support frames, machine tools, compressors, and

related equipment with significant mass savings.

The assembly of  the torus cn-orbit requires multiple launches to
deliver subassemblies of expandable structure to IEO. The expandable
structures concepts identified in Table 7.1-1 as inflatable, hinge
foldable, and telescopic could each be fabricated of advanced structural
camposites with significant savings in weight and consequent savings of
iaunch vehicle fuel. The inflatable and hinge foldable concepts are
payload volume restricted, therefore, no addi?:ional payload can be
carried within their folded configurations. The innermost cylinder of
the three telescoped cylinders could carry additional payload up to the
payload mass capability of the launch vehicle, thus reducing the number
of follow-on launches by one-third required to deliver subsystem modules

for outfitting the cylinders.
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The rigid modular NSTS external tank structure is fabricated of
aluminum metal and could not be outfitted with subsystem modules until
after delivery to LEO. Follow-on launches would be required to deliver

the subsystem equipment for installation in the tanks.

7.7 Conclusions and Recommendations

The payload capacities for the five potential launch systems are
summarized in Table 7.7-1 and shown in conjunction with their ability to
deliver a torus configuration to IBEO. This comparison summary together
with the description of the alternates permit the following conclusions
or .observations regarding a torus assembly, an elemental rotating space
station, expandable structures concepts, use of composites, and proposed
launch vehicles.

o A torus can be assembled on-orbit from cylinders.

o The cylinders can be fabricated as inflatable, hinge-foldable, and
telescopic of advanced structural composites.

o Advanced structural composites can provide significant mass savings
over conventional aluminum alloy fabricated structure.

o The NSTS can deliver the cylinders ‘o orbit.

o The innermost of the telescoped cylinders could be delivered to
orbit outfltted with subsystem ecniijpwent. :

o The hinge foldable and telescopic torus cylinders could be delivered
to IBO in a lesser number of launches than required for the NSTS if
the Saturn V or Jarvis launch vehicles were available.

o0 The NSTS external tank could be delivered to orbit for assembly of a
torus or used as habitat modules of an elemental rotating space
station.

0 A HLLV proposed for the year 1995 can deliver fully assembled and
outfitted cylindrical modules for on-orbit assembly of a torus.

0o An advanced HLIV can deliver the torus in a minimum number of
launches and requires the least EVA and IVA for assembly on-orbit.
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Based on the above, it is recommended that an advanced technology

development program should encompass space station expandable structures
and launch vehicle technologies.
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8.0 ATSS APPLICATION FOR IUNAR BASE BUILD-UP AND MARS MISSION SUPPORT

This section will provide a cursory examination of the requireménts
on the ATSS for lunar and Mars missions. The purpose is to indicate
areas where these missions might impact the design or operations of the
ATSS rather than to provide a detailed examination of the support that
could be required as lunar and Mars mission are better defined.

One of the design objectives of the ATSS is to support space missions
that could use the ATSS as a base for LEO operations. To this end, the
ATSS has quarters allocated for transient personnel, a large assembly and

berthing bay, and onboard manufacturing and fueling facilities.

8.1 Planetary Missions

In Reference 8-1, three different reference manned Mars missions were
examined for their impact on the ATSS. These Mars missions are
sumarized in Table 8.1-1. The impacts on the ATSS were determined to be
nominal, since as indicated above, one of the design objectives of the
ATSS is to support planetary missions. The major new requirements are
operations related and deal with items such as spacecraft assembly, OIV
activities, and onboard fuel production (which requires large energy use
if H, and O, are produced on-board rather than being delivered from
Earth).

Five planetary missions were examined in Reference 8-2 for their
impact on a growth version of the Space Station Freedom. The missions
and the impacts as ;iescrlbed are presented in Tables 8.1-2 and 8.1-3.
The projected manhours required as shown in Table 8.1-3 for planetary
missions support appear to be optimistic; the actual operational hours
might be many times the estimates shown.
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PLANETARY MISSION IMPACTS

TABLE 8.1-3

ON THE SPACE STATION (Reference 8-2)

" Requirements

Mars Kopff  Ceres Mercury Titan
Sample Sample Sample Orbiter Probes/
Return Return Return Saturn
Orbiter
o Space station hardware
required
No. of OIVs expended (not 0 1 1 0 1
returned)
No. of OV refurbish kits 1 2 2 1 1
Gantry to stack two stages yes yes
Checkout equipment for two
- stage stack yes yes
Quarantine module yes yes yes
Additional power, kW 5 5 '5
Additional thermal control, 1 1 1
no. of standard modules
Space station manhours
required
OV refurbishment 52 103 103 52 52
Aercbrake removal 21 21 21
OIV/payload integration and 11 21 21 11 11
c/0
Fuel, release, and launch 24 36 36 24 24
Rendezvous/retrieve OTV 12 12 12 12
using OMV
Shuttle rendezvous/payload 3 2 12 2 2
removal
ULV fuel delivery 7 17 18 7 10
Sample retrieval using OMV 8 8 8
Sample analysis and shipwent 24 16 16
Total mission manhours 141 236 247 108 120
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8.2 Iunar Base Build-Up

Some of the details of the lunar base build-up of Reference 8-2 are
given here. Although these projections were based on a growth version of
the Space Station Freedom and planned for the years 2005 through 2015,
they can be applied to the ATSS as well. The projected cargo and
propellant delivery- to IFO needed to support a proposed ten-year lunar
base build-up is shown in Figure 8.2-1. Fuel needed for lunar sorties is
delivered from Earth as IH, and IO, and constitutes a large fraction of
total launch mass. An ATSS based mission would still need the same
amount of fuel, but on-board production using water delivered from Earth
supplemented by space station waste water would provide some saving as
indicated in Section 9 of Reference 8-1. The resultant projected
méterial required to be delivered to the lunar surface is shown 1n Figure
8.2-2. Most of thls material is for a permanent base consisting of five
habitability modules, five research units, three production plants for
oxygen, ceramics, and metals, and various support equipment. The level
of support activity at the ATSS impacts the on-board operations and
manpower time lines. In addition to receiving payloads from Earth and
sending mterialé to the Moon, OIV or other transport vehicle servicing
and repair will require ATSS manpower and facilities.

The lunar base manpower build-up is shown in Figure 8.2-3. Implic;’it
in this build-up is crew rotation, short stay-time specialists, visitintj
dignitaries, and medical emergency trips, all of which require a steady
flow of traffic through the ATSS. The ATSS supports a crew of 60 which
includes an allowance for about 14 transients. Since the lunar base
total population is projected at 18, the lunar base traffic should not

pose an undue problem for the ATSS.
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8.3 Interface Between the ATSS and Iumar and Planetary Missions

The interfaces between the ATSS lunar and planetary missions are
sumarized in Table 8.3-1. This table covers a range of possible
nmissions (Reference 8-3), and some of the items would not be applicable
at the same time. For instance, nuclear engines for a planetary miesion
require OIV delivery of the crew to an originally ummanned planetary
vehicle at HEO, whereas a chemically fueled engine would require vehicle
fueling and crew departure from LEO.
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TABLE 8.3-1 SURVEY OF IUNAR AND PLANETARY MISSION REQUIREMENTS ON ATSS

Mission Requirement
Delivery to ATSS of
mission related hardware,

crew, and supplies fram
Earth

Delivery to ATSS of fuel
needad for mission support

Fuel production on-board
ATSS for mission
spacecraft '

Assembly at ATSS of
mission spacecraft

ATSS cantrollability
effects

Operational support by
ATSS .

(o)

000

Frequency of HLLVs, shuttles, aerospace -
planes or other vehicles to dock and
service

Fuel handling
Fuel storage
Possible nuclear or fission fuel handling

Delivery of H,0 from Edrth followed by H,
and 0, production on ‘the ATSS

Delivery of regolith froam the Moon followed
by O, production on the ATSS

Cryogen facilities on ATSS to liquefy and
store fuels

Assenbly in berthing and assembly bay
Assembly of spacecraft too large for
berthing and assembly bay

Docking accessibility of other vehicles
during mission spacecraft assembly

ATSS to mission spacecraft
interconnections: air locks, power, fluid
exchanges, thermal control systenms,
camunications

Variable center of mass, center of
pressure, and system inertia during build-
up of mission spacecraft

Delivery of Mars crew to HEO after urmanned
spacecraft traverse through Van Allen

radiation belts

Quarantine facilities and sample processing
on ATSS for Mars sample return

Lunar sorties of OIVs supporting a lunar
base buildup (-14 sorties per year for 10
years)

Machine shop and other facilities that
provide repair for parts and vehicles that
otherwise would be returned to Earth or

scrapped
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9.0 IDENTIFICATION AND ASSESSMENT OF TECHNOIOGY DEVELOPMENTS
REQUIRED FOR THE ADVANCED-TECHNOLOGY SPACE STATION

The ATSS, as its name implies, is based on the assumption that new
and emerging technologies will have advanced to the point of being viable
for use in the ATSS. The purpose of this section is to réview these
pacing technologies as covered in previous reports of this series, to add
further technology items, and to briefly assess possible variations of

the ATSS as now configured.

9.1 Identification and Ranking of Pacing Technologies

A review of the state-of-the-art technology and technology forecast
for the NASA Space Systems Technology Model (Reference 9-1) helped
identify technology trends to the year 2000. Literature reviews providéd
indications of developments and projected developments in n\aﬁy areas of
technology. In References 9-2 through 9-4, state-of-the-art subsystems
were reviewed, areas of studies identified, and pacing technologies
assessed, respectively.

Ranking criteria were developed for indicating the technical need or
criticality of technology areas felt necessary to make the ATSS feasible
by 2025. This criteria translate to a number from one to ten for each
technology area, wlith the higher mumbers indicating the greater need.
The ranking criteria. as developed in Reference 9-4. are listed in Table
9.1-1. In Referencg 9-4, pacing technology items were identified and
ranked, and these are included in Table 9.1-2. Reference 9-4 Valso
provides the discusgion of subsystem and synergies, function performed,
particular features, and development status for each of these items.

Two additional items, resistojet thruster systems and attitude

control technology of Table 9.1-2, are covered below.
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TABIE 9.1~1 RANKING CRITERTA FOR TECHNICAL NEED OR
CRITTCALITY RELIATIVE TO THE ADVANCED-TECHNOLOGY
SPACE STATION

CRITICALITY
CRITICALITY ASSESSMENT _ Mg*
The technical advance will enhance the performance 1

of the subsystem or element. Alternate means for
accamplishment exist and could be incorporated with 2
a modest campromise in weight, performance, operating
complexity, etc. '

The degree of technical advance will define the -3
performance of the subsystem. Alternate means would
limit the subsystem performance and compromise other 4
subsystem operations.

The technical advance is required for subsystem 5
operation. Reduced performances would compramise

 other subsystems and impact the functioning 6
capability of the ATSS.

: 7

The technical advance has no alternative for 8
accamplishing the subsystem performance and 9
identified synergies.
The ATSS cannot be configured without this 10

technology capability.

*Higher numbers indicate greater need.
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9.1.1 Improved Resistojet Thruster Systems

The use of water as the propellant for orbit station keéping to
counteract drag forces permits common resupply and competitive power
consunmption for the ATSS with no change in mass required for the
propellant. The resistojets can use water reclaimed from crew
functions, the synergy with life support functions extends to use of the
extra water generated fram the oxidation of carbonaceocus waste products.

The resistojet propulsion system for the ATSS will .need improvements
for contemporary technology in four areas. The thrust 1level of
individual thrusters should be in the 5-10 N (1-2 1lb) thrust range to be
campatible with the requirement for drag make-up. The target specific
impulse for mass equality needs to be 4044 N sec/kg (400 sec) or higher.
Specific power consumption, which is a measure of electrical conversion
effectiveness, should equal or exceed 0.3 N/KW (0.067 1b/kW). In
addition, lifetime should approach ten years of continuous service for
the ATSS application.

Resistojet technology using water as the propellant is being
developed for the Space Station Freedom station keeping application. The
target lifetime is 10,000 hours, and the present specific impulse goai is
approximately 2528 N sec/kg (250 sec). The Space Station Freedom
application emphasizes a multi-propellant capability to take advantage of
the constituents' available from the environmental contrél system. - The
performance and‘ life features of the Space Station Freedom application
are influenced by this multi-propellant choice. The technology advances
required for the ATSS application includes the development of higher
temperature water compatible materialg for the resistor component to

achieve the higher level of specific impulse. The current temperature



limit is approximately 1400°C (2500°F). The development of greater
thrust levels and power efficiency should improve with scale size. The
thrust level must be increased to accammodate the maghitude of the ATSS

drag conpared with that for the Space Station Freedom.

Criticality Ranking: 3

9.1.2 Attitude Control Technology Assessment

As spacecraft increase in size, the envirommental torques (due to
gravity gradient, aerodynamic forces, and solar pressure forces), and the
associated angular maomenta acting on the spacecraft will also increase.
Section 5 of this report showed that for the ATSS, the envirommental
torques (primarily that caused by the gravity gradient) and angular
momentum were several orders of magnitude greater than those to which act
upon existing spacecraft. It was also shown overcoming these
envirommental disturbances required a large, probabiy unacceptable, mass
carried either as fuel or a mumber of current technology control-moment
gyros.

The situation has been anticipated and was a driver in ‘the
development of dual counterrotating wheels, magnetically suspended
angular momentum control devices, and large-angle magnetic bearing
gyros. These devices provide same relief relative to the mass (and
power) requlremem:s of the more conventional OMGs.

The discovery of "high-temperature" superconducting materials
appears to hold much promise for application to the development of
reasonably low-weight, low-power torquers. Reference 9-5 discusses this
area of development and contains preliminary estihates of the power and

mass of several types of torquers designed for an application requiring a

9-6



torque of 34,000 N-m (25000 lb-ft); the angular momentum is 50,000 N-m-s

(36,880 1b-ft-sec). A comparison of the devices is as follows:

Torquers Power, kW Mass, kg (1b)
Superconducting Magnetic Bearings 7 530 (1170)
Gimbal Torquers ) 60 12700  (28000)
Conventional Magnetic Bearings 200 2500 (5510)
Iarge Angle Magnetic Bearings 11.5 5300  (11700)

These preliminary results are quite impressive relative to the
potential of superconducting technology application to torquers.

Developments in this area should be followed closely.

9.2 Technology Trends

The conceptual configuration of the ATSS was based on three major
premises:

1) Technology trends would be reviewed, and new technology deemed
available around the year 2025 would be used where feasible.
2) The ATSS would support the 17 functions identified in Reference 9-2

and repeated hqrém as Table 9.2-1.

3) Artificial gravity would be a necessity and would be provided by a
rotating habitat.

An observation often made about technology projections is that we
tend to be too optimistic in the short run and too pessimistic in the
long term. Perhaps it is because it is easier to see the need for a
sometimes costly !’jmprovement on a current concept (without always
considering the schedulé and cost implications) than to accurately assess

how a new technology gain in another field may be applied to the same



10.
11.
12.
13.
14.
15.
16.

17.

TABLE 9.2-1 POTENTIAL FUNCTIONS TO BE SUPPORTED
BY THE ADVANCED-TECHNOILOGY SPACE STATION

A permanent cbservatory to loock down upon the Earth and out into the
universe.

An orbiting science, medical, materials, and new technologies
laboratory.

A service and repair facility for payloads, spacecraft, and
platforms.

An asSenbly facility where large structures or spacecraft camponents
are manufactured and/or assembled and checked out.

A transportation node where payloads and vehicles are collected,
stationed, processed, and launched and where fuel is manufactured.

A safe habitat for space crews.

A commmnications and/or relay station for manned or umanned
spacecraft. '

An adaptation area (in variable "g") in preparation for long space
flights.

A storage node for food, fuel, spare parts, etc.

A variable "g" research facility. |

A camercial manufacturing facility (drugs, crystals, etc.)
An energy collection and relay station.

A diagnostic, medical, and convalescent facility.

A tourism attraction.

A horticultural research and food growth facility.

A technology demonstration facility.

A control center for manned and ummanned spacecraft.
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problem. As an example, an HIIV to lift bigger and heavier payloads is

easy to project, but the application of superconductivity to provide high

energqy magnetic rail launchers as a first stage launch facility may
eventually prove to be a less costly ard more reliable method of delivery
of mass to LEO.

Many of the pacing technologies discussed in Section 9.1 identified
the need for improvements of current capabilities. 1In fact, to base the
ATSS on a design concept that had a criticality rating of 10 (cannct
achieve the ATSS wilthout this capability) and. also require a major
technology breakthrough to obtain the concept could be self-defeating.
It is still interesting, however, to speculate on technology trends that
might reshape or redefine the ATSS as now projected.

A few technology trends that could cause major ATSS changes are noted
below.

A. Medical advances might conceivably provide techniques to overcome the
adverse effects of weightlessness on the human body and obviate the
need for a large radius, rotating configuration. Discovery of
medically beneficial effects of weightlessness for the cure of
certain ailments might greatly increase the traffic to the station
and increase (the area devoted to hospital functions ‘and medical

B. Fusion power (as covered in Section 4) could physically reduce the
area devoted to solar energy collection. High efficiency radiators
such as licuid droplet radiators would further reduce the large

surface areas needed. The availability of fusion power'wwld also
modify the propulsion system design and enhance the_’ on-board
manufacturing capability.

§
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C. Practical high-temperature superconductivity would reflect
throughout the station design, resulting in lower power requirements
and readily available high intensity magnetic fields. In addition,
energy storage might be achieved in highAcm:'rent inductances.
Magnetic torquing miglxt be one of the first superconducting

applications as indicated in Table 9.1-2.

Finally, the fast moving trends in computer technology and
artificial intelligence could impact crew requirements, implying an
autonamous, ' self-tending, self-repairing station wherein the operational
aspects and mechanical tasks are largely given over to computers,

teleoperators, and robotics.

ORIGINAL PAGE IS
OF POOR QUALITY
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APPENDIX

ATSS ON-BOARD POWER GENERATION SYSTEM DESCRIPTIONS

The system descriptions extend the previous comparison study of solar
dynamic and nuclear fission (Reference A-1) to include pu238
radioisotope decay, fusion, and advanced photovoltaic sources for ATSS
electrical power. The individual descriptions begin with an assessment
of technology status or rationale for selection of the particular
configuration and include an evaluation of potentially viable options
within each of the alternatives. The descriptions contain the detail
necessary to estimate masses, identify requirements for dontrols,- and
discuss any configuration-particular concerns associated with the use of
that system for electrical power generation. The comparisons and
rankings of the system are presented in the main body of this report as
Section 4, and address the effects of mass, control requirements, and the
particular concerns associated with the use of that configuration for
generation of electrical power aboard the ATSS. |

All of the descriptions continue to use the same set of thermodynamic
parameters defined in the course of previocus studies (References A-2 and
A-3) and include:

1. Heat is converted into electrical energy with a 40-percent throughput
efficiency.

2. The radiators.fo‘r the converters operate at 320 K (576°R) and
dissipate 0.59 kW/m? (0.055 kW/ft2) using wastewater for the coolant.

3. The converters are closed cycle gas turbines with gaseous Np as the

working fluid, and liquid NaK to provide the heat input.



4. The individual converters generate 450 kW and deliver 425 kKW to the
ATSS as 400 Hz 440 V, three-phase electrical power. (Table A-1

3
"summarizes the thermodynamic cycle for conversion of heat energy to

' ¥

electrical power.)

A.1 RADIOISOTOPE DECAY HEAT SOURCE (Pu238)
A.1.1 Radioisotope Decay System Considerations

Radioisotope decay heat sources have an extensive history in
spaceflight applications. The principal radioactive material and mode
for application has been the plutonium isotope of mass number 238 as the
.hot junction for a themxoelet:;tric generator (Reférence A-4). The best
known of these units has been the SNAP 19 configuration which powered the
' Viking lander and the SNAP 27 configuration which powered the ALSEP lunar
* instrumentation péckages deployed as part of the Apollo program. The
table of isotopes (Reference A-5) lists a number of potential candidates
for heat source applications. However within that list, Pu238 becomes
the isotope of choice for an ATSS. Pu?38 shows a half life of 89 years
michprwid%énear—constarrtpoweroutput, plus a generous decay energy
in the form of 5.5 MeV alpha particles. The energy release occurs with
only low energy gamma radiation, and the decay products have long half
lives (U234 at more than 10° years and Th230 at 80,000 years). As Puo,
the the heat released is about 5.3 W/cm® (87 W/in3). Most systenm
applications take advantage of the chemically inert oxide and carry the

PuO, fuel as sintered pellets.



TABLE A-1 SUMMARY OF ENERGY CONVERSION PARAMETERS
FOR 2550 kW

A. Conversion of thermal energy to electrical energy by six closed cycle gas turbine
driven alternators, 0.4 conversion efficiency. Parameters apply to each unit.

Mass Flow Gaseous N, 4.08 kg/sec (91b/sec)
Compression Ratio 2.666
Compressor Inlet Pressure 2.07 MPa (300 psia)
Cycle Temperature
Compressor Inlet 350 K (631°R)
Compressor Outlet 471 K (849°R)
Regenerator Outlet 783 K (1401°R)
Turbine Inlet 1047 K (1886°R)
Turbine Outlet 815 K (1468°R)
Precooler Inlet 502 K (906°R)

. Precooler Outlet 350 K (631°R)
Energy Input, by NaK Liquid Metal Heat Exchanger
NaK Flow 39.4 kg/sec (86.9 1b/sec)
NaK Inlet ‘ 1076 K (1937°R)
NaK Outlet 1048 K (1887°R)
Energy Exchanged 1124 W (1069 Btu/sec)

Electrical Corversion, Energy to Three Phase 440 V 400 Hz

Turbine Output 472 XW (450 Btu/sec)
Alternator Output 450 kW Total
Delivered Energy to ATSS 425 kW

Energy Rejected to Radiators
Water Flow 5.58 kg/sec 12.3 1lb/sec

Radiator Inlet 350 K (631°R)

A-3



TABIE A-1 SUMMARY OF ENERGY CONVERSION PARAMETERS
FOR 2550 XW (concluded)

Energy Rejected to Radiators (cont'd)

Radiator Outlet v 322 K (581°R)
Radiation Surface 320 K (576°R)
Temperature

Energy Exchanged ' 652 kW (618 Btu/sec)

B. Conversion of Solar Energy to Direct Current 0.2 Conversion Efficiency,

Deliver AC equivalent
Bus Voltage at ATSS 280V

Contimuous Current Required 9107 A



pu238 is a reactor-generated isotope produced by double irradiation
(Reference A-6). The reactions which generate Pu?38 consist of:

%38 4 nl o 2nl + U237 o 8-+ Np237
(HL 6.5 days) (HL - 10® years)

Np237 4+ nl - Np238 o - 4+ pu238
(HL 2.1 days)

The Pu?38 for spaceflight applications is initially separated as the Np
isotope and then resubjected to neutron radiation for conversion into
the Pu238, The presently used process is complex and costly, since the
m2n reaction shows only a two percent occurrence in the irradiation of
U238, on the other hand, a large quantity of Pu238 resides within the
present inventory of used power reactor fuel elements. A national energy
policy to implement breeder-type reactors could provide a supply of Pu238
as a by-product to the fuel reprocessing cycle.

A heat source using Pu238 must have encugh fuel to sustain 2550 kW
over the ATSS mission life time of ten years. The system must have
built-in redundancies such that the heat can always be extracted from the
source. In addition, the system must have the shielding necessary to
atteruate the low energy gamma radiation and stray neutrons associated
with the radicactive decay. The concept therefore utilizes two
indeperdent cores as heat sources, each driving three converters. The
converters must have a capability for cross feed which permits either
core to drive any three converters. The concept also has the contingency
capability for operating the corverters at higher pressures to assure
continuous extraction of heat from the cores. The concept includes a
means for handling heat generation during core loadings, start up, and
final shut down. Finally, the concept places the cores and heat transfer

elements within a man-rated radiation shield. These features are



described below and lead to assessments of mass, description of controls,
and a discussion of the operating conditions associated with a continucus

heat source.

A.1.2 System Features for a Radioisotope Decay Power Source

The principal features for the Pu?38 radioisctope decay power system
are shown in Figure A-1; the system consists of the core, the heat
transfer elements, and the accammodations for fueling and start up. Each
feature interacts with the others to same degree; the interactions are

addressed in descriptions which follow.

A.1.2.1 Core Concept, Power level Definition

The 89-year half-life for Pu?3® decay results in an eight-percent
reduction in heat generation over a ten-year life span. For this
application the initial fuel inventory will develop 2780 kW as 463 KW
each fram six converters and decay to 2550 kW from six converters after
ten years of operation. This rarnge of power output is within the
control and operating capabilities of the baseline converters. The
initial thermal output from each core is 3475 kW. The decay energy from
Pu238 is 0.13 kW per gram mol, which equates to an initial inventory of
7217 kg (15913 1b) of PuO,. This oxide has a density of 11460 kg/m3 (716
1b/ft3). Therefore, the volume of PuO, in each core is 0.63 m3 (22.2
ft3). To improve thermal conductivity and the extraction of heat, the
PuO, is mixed with an equal volume of BeO resulting in a total fueled
volume of 1.26 m®> (44.5 ft3) and fueled mass of 8980 kg (19800 1b). The
accamodation of the fuel mix and details of the core confiquration

address both heat transfer and contimuous heat release considerations;
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Figures A-2 and A-3 show the pertinent details of the core concept. The
fuel mix is contained in hexagonal shaped segments 11.1 cm (4.4 in) long
by 5 cmn (2 in) across the flats. A fuel element consists of 12 segments,
ard the core contains 586 such fuel elements in tﬁe form of a right
circular cylinder 1.34 m (4.4 ft) in diameter and 1.34 m (4.4 ft) long.
The fuel elements are inserted and locked into a hexagonal cell structure
with a tube-sheet and header at one end. All supporting structure and
cladding utilizes a metal alloy compatible with liquid NaK. One
candidate alloy is 79N-13Cr-7Fe, and this alloy has been used for

estimates of mass.

A.i.2.2 Heat Transfer Considerations .

The equal-volume mix of PuO, and BeO results in a power density of
2.65> W/cm3  (43.4 W/in3). Some spontanecus fissions occur within Pu238,
'However, the rate is many orders of magnitude below the alpha particle
 emissions and would not cause unacceptable radicactivity within either
‘ the VNa or K. Therefore, the core can be cooled directly by the NaK flow
ﬂlatpwers the converters. The flow rate and tanperaturé rise within
| the core match the flow rates for three converters and the temperature
drop through the high temperature heat exchangers in the corverters. A
NaK flow rate of 118 kg/sec (260 1b/sec) through 586 tubes of 1.5 cm (0.6
' in) diameter yields maximm wall temperatures of 1082 K (1947°R) and
fuel temperatures of 1100 K (1980°R) which are 55 to 60 K (100 to 108°R)
below the corresponding fuel and wall temperatures for a fission reactor
(Reference A-1). The coolant flow passages for the Pu?38 could utilize
the same concept as for the fission reactors. In this case the inlet NaK

prdvides a coolant passage between the ZrO, insulation (see Figure A-2),

TEIGRILT PATE [3 |
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and the core and flows into an inlet plenum. The NaK flows through the
fuel element passages into an outlet plenum before distribution to the
individual converters. Electromagnetic pumps (see‘ Figure A-4) in the
cold (ﬁaK inlet) lines drive the flow. | |

A.1.2.3 Accomodations for Fueling and Start Up

 The continucus heat released by radicactive decay requires an equally
continuous heat gxtraction process. The concept for the core p_laceé the

‘fuel mix in small (5 cm (2 in) hexagonal by 11.1 cm (4.4 in) long)

sinterable segments which have manageable thermal requirements. A "new

fuel segment is a 494 W heat source. An assembled fuel elementz ready for

insertion generates 5.93 KW. Therefore, the assembly Iand handing unit

‘. includes a coolani: flow. This feature is included in the systein concept

shown in Figure A-1. The concept for insertion of fuel elements into the

core is inclﬁded in the fuel access cap details of Figure A-2. The inlet’
plemm, insulation, and shield become a rotatable assembly capable of any

azinp.lth position rélative to the core structure. Within the assembly, a

second independent rotator provides radial positioning for a third

"insertion mtatgr". A combination of angular positions. for the aiimuﬂa

- and radial rotators will align the center line of ‘the third rotator over

any of the 586 fuel element locations. An angular positio_n of the third’
rotator aligns a fuel element with the hexagonal cells in the core. A
movement of a gover plate (a disk with an off-center hole) allows

| insertion or removal of a fuel element. The insertion involves *iatclﬁes,-
flow control elements, and adjustments in the liquid metal volume. One

of the system thémbdynamic considerations is the extraction of he‘atl

until enough fuel has been installed to power a oorrverter The NaK-to-—
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H,0 heat exchanger identified in Figure A-1 provides that interim
capability.

The heat exchanger transfers ilf;o XW throogh a 1 m (3.3 ft) long
milti-tube counterflow unit. The NaK flows in 68 tubes 2.5 cm (1 in) in
diameter, water flows in 56 tubes 1.2 cm (0.5 in) in diameter. The
tubes are imbedded in silicon carbide to provide the thermal gradient
buffer between NaK at 1076 K (1936°R) and water coolant.

The thermodynamic and physical parameters for a Pu238 based heat

source are sunmarized in Table A-2.

A.1.3 Shielding Requirements

The table of isotopes (Reference A-5) lists six gam\e rays for pu238
all with energies below 1 MeV and relative intensities of 0.038 percent
or less. A summmg of the gamma activity for the core configuraﬁ"ion

yields the following energy source terms:

Gamma Energy within the Core 8.50 X 107 MeV/cn3sec
(1.4 x 107 MeV/in3sec)
Core Surface Activity for A = 4.25 cm,3.61 x 1o MeV/anzsec |
(»= 1.67 in) (2.3 x 10 MeV/m sec)
Gamma Energy into the Shield 1.46 x 108 MeV/cmzsec
X

108 Mev/in? sec)

If the allowable exposure to these gamma rays is established as less than
4000 MeV/cm?sec (2.5 x 10% MeV/in?sec) then the required attenuation must
exceed 3.65 x 10% (Reference A-7). A shield thickness of 11 relaxation
lengths will attenuate by a factor of 5.9874 x 10% and thereby is an
adequate thickness for the shield. The calculation of shield volumes and
weights employs the model developed for the fission reactors with both
cores in a comon shield (Figure A-5). The shielding parameters and
masses are summarized in Table A-3 for the options of a lead or steel

shield. The requirements for fueling access limit the acceptable shield

A-13
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TABIE A~2 SUMMARY OF THERMODYNAMIC PERFORMANCE AND PHYSICAL PARAMETERS
FOR A Pu238 RADIOISOTOPE DECAY HEAT SOURCE

Thermal Performance Parameters:

Thermal Energy Required from Each Core (initial)

Heat Transfer Area, 586 Tubes 1.5 cm dia, 134 cm long
(0.625 in) (52.75 in)

Average Heat Transfer Requlred
Maxunum Wall Temperature
Maximm Fuel Temperature
Liquid Metal Flow Rate

Liquid Metal Temperature In

out

Fuel Element Handling Considerations:
Heat Generated by a Fuel Segment (storage)
Heat Generated by a Fuel Element Assembly (insertion)

Heat Generation for a Launch and Rendezvous
(for half a converter)

Heat Generation at Recovery (10-yrs life
for half a converter)

A-14

3475 kW

37 m?
(398 ft2)

92 kW/m2
(8.54 KW/ft2)

1082 K
(1948°R)

1102 K
(1983°R)

118.2 kg/sec
(260.6 1lb/sec)

1048 K
(1886°R)

1076 K
(1936°R)

0.495 kW
5.93 kW

580 kW

527 kW



1 Top (Rectangle)
2 Cap (Cylinder)

'Figure A-5

3 End (Cylinders)
4 Fairing (Toriod)

Shield Element Model

A-15

5 Filler (Cylinder)
6 Side (Rectangle)
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thickness such that concrete at 1.1 m (3.6 ft) thickness or water at a

3.3 m (10.8 ft) thickness would not be campatible with fueling

operations. The lead and steel shields have significant masses.
However, they represent a minimm mass condition for gamma energy
released from any of the candidate isotopes for radioactive decay
(Reference A-5). All the other candidates have a larger fraction of the
decay energy appearing as gamma radiation. In modest quantities (.up to
10 kg) Pu?38 does not require a dedicated gamma shield. For examplé, the’
fuel rod for the AISEP package was transported within the man-rated

portion of the Apollo Lunar Excursion Module.

A.1.4 Summary of System Masses
The masses which comprise the Pu?38 system are summarized in terms of -

the core elements, the shield, the converters, and the radiator. Each of

‘these features is described briefly beldw, and Table A-4 summarizes the

mass contributions for each element.

A.1.4.1 Core Elements

The fuel mixtures of Puoz'at 11460 kg/m3 (712 lb/ft3) and BeO ait' 2800
kg/m3  ( 175 1b/ft3) combine to form the major single element. ‘The
cladding and support structure include all of the tubes, tube sheets
headers, - and the elements of the rotators which contact liquid metal.
The mass estimates are based upon a 79Ni-13Cr-7Fe alloy at 8400 kg/m2
(525 1b/ft3) which represent present practice for conta_inirig 1iquid
metal The liquid metal ducts which interconnect the cores use 10 m (33 -
ft) of 0.1-m (4-in) diameter tubing with 6 mm (0.24 in) walls and three

gélectmnagnetic pumps (one in each converter return line) as the flow



TABLE A-4 SUMMARY OF MASS ESTIMATES FOR A Pu238 RADIOACTIVE HEAT
SOURCE

A. Heat Generation and Heat Transfer Elements

A-18

EACH CORE, TOTAL FOR SYSTEM,
kg (1b) kg (1b)
Fuel Mix (Equal volumes of 8980 17966
PuO,, BeO) (19800) (39600)
. Cladding and Core Structure 3530 7060
(7784) (15567)
Core Insulation Layer (ZrO,) 4670 9340
(10297) (20594)
Liguid Metal (NaK) Ducting, ;
Pumps 1400 2800
. (3087) . (6174)
Liquid Metal (NaK) 450 900
(992) (1984)
Heat Exchanger 2310 4620
(5093) (10187)
. TOTAL ‘ 21340 42680
S (47053) " (94106)
 B. System Elements LEAD SHIELD STEEL SHIELD
Shielding Mass 101305 113120
(223377) (249429)
Heat Generation and Transfer 42680 42680
(94106) (94106)
Converters, six at
3836 Kg (8458 1b) ea 23016 23016
- (50750) (50750)
- Radiators, six at
27256 kg (60099 1b) ea 163536 163536
: (360596) " (360596)
~ SYTEM TOTAL 330537 342352
(728829) (754881)



drivers. In operation, each core will have a flowing volume of about 0.6
m3 (21.2 £t3) of NaK at 730 kg/m3 (45.6 1b/ft3). |
Thermal insulation consists of a 10 am (4 in) thick layer of ZrO, at
50-percent density (3200 kg/m3, 200 1b/ft3) which surrounds the core plus
an 8-cm (3.1-in) thick layer of ZrO, that encases all of the liquid metal
lines, pumps, and valves. The transient (start up) heat exchanger
consists of the diverter, the flow ducting, the silicon carbide bﬁffer,
headers, leads, insulation, and pumps for both the liquid metal and the
radiator coolants. In the configuration shown, the heat generating fuel -
mix plus its necessary coﬁtaimnent account for nearly 60 percent of the
core mass, and the heat retaining insulation makes the second largest.

mass contribution.

A.1.4.2 Shields

| ~ The shields have mass estimates which are more than double the
contribution from the heat generation and heat transfer components.
These estimates of shield masses are conservative for the attenuation of
gamma energy from ;1 Pu?38 source. For the ATSS application, man-rated

shield mass accounts for more than 30 percent of the total system mass.

A.1.4.3 Converters

The corverters are the same units as those defined for the solar
dynamic systems; Figure A-6 shows the principal features (Reference A-1).
The converters will experlence a slow decrease in power output over the
10-year operating life, with outputs rangmg from 463 KW at start up, to
425 KW at end of life. These changes are well within the range of power

accommodation by adjustwents in the operating ambient pressures. During
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the fueling and start up sequence, converters may need to operate above
their rated power levels for a short period of time and thereby make use
of the power margins available. The masses for the converters in the
radioisotope application are the same as defined earlier for the baseline
solar dynamic system, and represent less than 10 peréent of the total
mass for the system. |

A.1.4.4. Radiators

The radiator assembly consists of the same number of radiating panels
for each converter as employed for the baseline solar dynamic system;
Figure A-7 shows the principal details for a panel. The prin_cipal
differences are vin the potential range of coolant temperatures and
location. The radioactive decay system carries all 612 panels in three
circumferential rows around the platform with cross flow
interconnections to offset the effects of the Earth in the radiation
field of view. For Pu238 radioisotope heat source, the radiators. become
the largest single element of mass and contribute almost half the:total
mass for the system. _}

The accammodation of fueling and start up presents the potential for
operation at other than the nominal temperature range. The radiator
installation that supports a converter dissipates 650 kW from a heat
. input of 1124 KW while operating with coolant temperatures that range
from 350 K (630°R) inlet to 322 K (580°R) at the outlet. The radiator
could dissipate 1124 kW if the coolant could operate between a 389
(700°R) inlet and 362 K (6519R) outlet, however the coolant could not be
water at atmospherjc pressure (boiling point is 373 K, 672°R). on the

other hand, the converters could probably operate stably at 60 percent of
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rated power such that the radiator coolant remained within nominal
operating limits.. The entire system could be brought to full power by
balancing and sharing heat loads between radiators, therefore the masses

for the ,]:adiator do not include an increment for an additional coolant.

A.1.5 Control Cor;siderations

Controls for a Pu?38 radiocactive decay heat source which drive six
converters must provide a steady, continuaus exchange of heat and supply
of electrical power. The redundancies within the system assure an
interrupted flow of the core coolants. The control requirements are
summarized in Table A-5 for the core heat transfer and in Table A-6 for
the converters and radiator. The controls for the converters. and
radiators are the same as those for both the solar dynamic and nuclear
fission systems described earlier. The installation places all six
converters at a central location in an arrangement similar to that for a
nuclear fission system (Reference A-1).

After fuel insértion has been completed, operations are oontinuéus
and essentially steady state throughoﬁt the ten-year lifetime. In the
continuous operation, a slow cyclic variation could occur in the flow
distribution within the radiator panels. Earth viewing panels would not
have the same heat transfer as space viewing panels, and some _cyclic
adjustments in panel flow rates may be required to keep the compressor
inlet conditions congtant.

Start-up (and ;aventual shutdown) involve step—change trarxslents in
the thermal output of a core. The insertion of each fuel element

generates a predictable change in the thermal balance of the system, and
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the fueling sequence provides for the converter start-up transients.

However, start-up and shutdown are one-time events.

A.1.6 Particular Considerations
The considerations particular to a Pu238 heat source relate to the
helium released as the alpha particle decay product and the transport of

fuel from Earth to the ATSS orbit.

A.l.‘é.l Helium Released as Alpha Particles

The alpha particle deday results in the generation of helium at the
rate of : one He atom per decay event. For the fuel mix defined, the
helium release amounts to 94 milligrams per hour (-0.5 standard liter).

The fueled segments must accommodate this release as control of the

‘sinter densities and provisions for a diffusion vent in the end caps.

Extraction of helium from the NaK can be accomplished in a secondary loop

containing a centrifugal separator. The alpha particle decay rate makes
Pu238 a very toxic isotope if inhaled as dust or ingested as a food
contaminant (Reference A-7). Preparation of the fuel segments on Earth

must include the appropriate measures for protection. On the other hand,

- a sintered mix of Pu0, and BeO is chemically inert to soil or life-

related prooesé&s. As a cladded fuel segment aboard the ATSS, the hazard

to personnel reduces to just thermally hot metal.

A.1.6.2 Thermal Control During Fabrication and Transport
The Pu?38 requires thermal control from the time of formation orward.
The individual fuel segments have been sized to approximate the heat

sources presently used for thermoelectric generators; therefore,



fabrication and on-Earth storage of the fuel segments does not present
any new considerations. On the other hand, the transport of a workable
fuel quantity presents a particular thermal consideration. A quantitj of
fuel segments equal to half-power for a converter has a thermal output of
580 kW that must be accommodated continuocusly from prelaunch preparation
until orbital rendezvous. A four-hour flight time from lift-off to
rendezvous with the ATSS would require a total heat dissipation equal to
evaporating 5500 kg (12127 1b) of water‘ at atmospheric pressure.
Consequently, the fuel transport vehicle may require a minimum "live"
payload of 7300 kg (16096 lb) as transported fuel and evaporated water
coolant. In such a configuration, transport to orbit requlres »1.2
launches of a dedicated spacecraft that has a nominal mass of 10000 kg
(22050 1b) at lift-off. At rendezvous the fuel transporter needs access
"to the equivalent of a converter radiator while the fuel segments are

assembled and loaded into the core.

A.2 FUSION POWERI
A.2.1 Fusion as a Potential Heat Source _ '
Fusion reactions involving the isotopes of hydrogen offer a mass
efficient source of heat. Present research into fusion power works with
the fusion reaction between deuterium (hydrogen of atomic mass number 2)
and tritium (hydrogen of atomic mass number 3) which provides helium of
mass muber 4 and an extra neutron (Reference A-8). This reaction has
the lowest energy threshold for ignition (4.4 KeV) and constitutes. the
principal thermonuclear reaction within the weapon known as the "H bomb"
At the present tlme, thermonuclear weapons are the only systems which

generate more energy from fusion than that required to initiate a

’ A-29



thermonuclear reaction; howevér, controlled fusion, in which the energy
released matches the energy input, is anticipated within the next half
decade. The prospects for controlled fusion as a heat source appear
within reach by the year 2000; therefore, fusibn power becomes a
candidate for the ATSS.

The confiquration of a fusion heat source for the ATSS is determined
by theA technique used for initiating the fusion reaction. Fusion occurs
when an atom of deuterium and an atom of tritium can be brought to the
point where the attracting nuclear forces exceed the electrostatic
rep.ilsion forces. Once the two nuclei are within the proximity range for
the muclear forces, the protons and neutrons rearrange into a "most
stable" configuration and release the excess binding energy. For the
deuterium-tritium reaction the most stable configuration becomes a helium
atom containing two protons and two neutrons plﬁs a free neutron. The
reaction releases 17.6 MeV with Lelium recoil at 3.5 MeV and the neutron
emitted with 14.1 MeV (velocity approximately one eighth the speed of
light, Reference A-8). Present research has identified three potential
approaches to controlled fusion power. These are described briefly below
and thereby show the rationale for the selection of an inertially-

confined laser-ignited system for the ATSS power source.

A.2.1.1 Magnetically Confined, Plasma Ignited Fusio-n

Fusion power systems that use magnetic fields interacting with gases
in a plasma state (low density, single atoms, ionized) have receivéd the
major pbrtion of fusion research. The systems have generated acronym
based names such as "Stellafator", "Mars Tandem Mirror", "Elmo Bumpy

Torus", etc. Systems which magnetically confine the plasma into a toroid
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have been studied extensively by a mumber of nations, and these studies
have coined the name "Tokamak" from the Russian acronym for a
magnetically confined toroidal chamber (Reference A-8). Magnetically
confined systems initiate fusion by heating a plasma mixture of deuterium
arnd tritium gasses to the point where the thermal velocity energy can
overcame the coulomb electrostatic repulsion. Magnetically confined
plasmas have the potential for continuous controllable fusion and} a
nunber of experimental systems (principally Tokamak configurations) have
ignited their plasmas and operated continuously. To date, howex)er, no
system has obtained more energy than that required for the combination of
plasma control, fuel injection, and the extraction of combustion
products. Break-even power generation is the next technical goal and is
anticipated for a Tokamak configuration within the next half decade. The
principal features are illustrated by Figure A-8. The consideratians
pertinent to a space power application include:

a. Magnetic confinement involves toroidal fields in the range from
50,000 to 150,000 gauss supplemented by auxiliary vertical -
fields. Superconductivity is a requirement (present systexﬁs
have cryogenic cooling by liquid helium). | |

b. Plasma heating to ignition temperatures requlm an auxiliary
power input, (Present systems use AC supplemented by rf or
particle beam heating.) .

c. The blanket, as the heat extracting member, operates in a harsh
thermal and neutron radiation envirorment. Tritium fuel
generation irnvolves the irradiation of lithium by neutrons,
therefore lithium in some form must be present within the

blanket.
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d. The fueling and extraction of combustion products (principally
helium) require specialized injection techniques (cryopellets or
gas) and an efficient vacuum sYstem to maintain the operating

pressure in the 1074 to 1078 Torr range.

A.2.1.2 Inertially Confined, laser Ignited Systems

Thermonuclear weapons utilize an implosion for confinement and the
heat of a fission reaction to achieve ignition conditions. The same
principle can be applied on a minute scale with a small quantity (one
milligram or less) of fuel imploded and heated by laser beams.  Such
concepts have been  proposed, and preliminary experiments have been
performed (Reference A-8). The limiting considerations appear to be the
ability to deliver the laser energy into the fuel as a uniform
illumination and maintain the energy penetration throughout the duration
of the laser pulse. Ablation products from the pellet surface tend to
absorb the last portion of the pulse. Consequently, energy penetration
" requires high frequency (short wavelength) lasers.

Recent developments in laser technology have produced the "excjmér"
type of laser which is based upon‘ compounds which exist only m an
excited state, and these lase in the ultraviolet portion of the spectrum.’
Typical wavelengths are argon fluoride at 193 mm, krypton fluoride at 248
rm, and xenon fluoride at 351 nm with average pulse durations of a 'fe.w
n sec (Reference A-9) . These combinations of wavelengths and pulse
durations appear compatible with the ignition requirement cqndiﬁions. In -
addition, these Jasers are pumped by electron beams, and electron beams
provide the potential for operating with laser power efficiencies in the

10-to 20-percent range. A fusion power system will need this range of
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efficiencies to achieve a useful net energy output. A fusion power

system based upon inertial confinement and laser ignition becomes a

repetition of small thermonuclear explosions that require the precise

fabrication and delivery of a fuel pellet to a point where they can be

uniformly irradiated by high-frequency (UV) short-duration laser pulses.

The principal features become:

a.

A fuel delivery system which can uniformly encapsulate a small
quantity of a deuterium-tritium mix and mject the pellet with
the precision necessary for uniform illumina(tion by a laser beam.
Cyclic rates for injection can range from 5 to 20 per secord.

A laser with the associated beam splitters and optics that will
deliver the required ignition energy to the fuel pellet in a
manner that accomplishes uniform illumination at cyclic rates
from 5 to 20 per second.

A contaimment and heat extraction system which will adcept the

photons, ions, and neutrons produced by the fusion reaction and

transfer the thermal energy for electrical power cornwversion.
Since 1lithium irradiation by neutrons provides the source for
tritium, the contaimment has to include lithium in some form.

A vacumm and gas separation system which can scavenge the
combustion products from the contaimment system and separate the
helium and the remalns of the encapsulation material from

unreacted deuterium and tritium.

! A.2.1.3 Muon Catalyzed Fusion

Catalyzed fusion can be made to occur within a molecule of hydrogen

gas that consists of a deuterium atom and a tritium atom. If a muon, a
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negatively charged sgbatomic particle, replaces one of the electrons in
the molecular configuration, the heavy muon will fall into a close orbit.
The inertial reaction with the muon will then draw the two nuclei into
the proximity rangé where fusion will occur. The fused nucleus then
decays by ejection of a neutron and recoils with sufficient velocity to.
dislodge the muon which can then find another deuterium-tritium molecule
to repeat the process. The reaction was first confirmed during the
1950's; however, the recent discovery of a resonance effect at a
temperature of 1170 K (2106°R) has made the process a potential
candidate for power system applications.: Catalyzed fusion can ocqur at
almost any temperature (it has been observed at 13 K, 23°R); however, at
resonant temperature‘, a muon will repeat the reaction more than 100
times. With muons supplied from a particle accelerator, the operation
can be sustained and produce useful amounts of energy (Reference A-10).
Sustained muon-catalyzed fusion has been demonstrated at the 1a1$oratory
experiment level. The principal features of a muon catalyzed system are:

a. A muon supply consisting of an electrmagnetic charged particle
acceleratof that places a beam 6f ions on a target material which
reacts to form negatively-charged subatomic particles (muons) ..

b. A gas supply that mixes deuterium and tritium in a manner which
favors the formation of deuterium-tritium pairs within.‘ the
population of hydrogen molecules.

"C. A reaction vessel that operates at the resonance temperature
(-1170 K, 2106°R) and extracts the heat released. Lithium
irradiation by the fusion neutrons produces the tritium fuel
constituent;; therefore, the vessel must have lithium present in

some form.
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d. A vacum and scavenge system that maintains the operating
atmosphere within the reaction chamber and separates the helium
fram unconsumed deuterium and tritium.

In summary, a power system based upon fusion a;p;eaars inherently more
ocmplex than any other alternate. In ranking the fusion alternates
ta«)ard an ATSS application, the following consideratioxf:s dominate:

1. The magnetic confinement requirements will involve massive elements
such as coils, heaters, and methods for handling the plasma.

2. The muon catalyzed system is just emerging from the "curiosity"
stage, and eventually, may become an effective approach.

3. The inertially confined, laser-ignited system requires some major
technical advances; however, advances are being made in high-energy,
high—-frequency, short—duration lasers.

The synergy with ongoing laser developments makes the inertially
confined laser-ignited system the choice for ATSS application. The ATSS
concept will draw upon features proposed for ground-based power systems

ard use a thermodynamic scale-down to ATSS levels.

A.2.2 Fusion System Considerations for the ATSS Application
‘IhefusibnpowersystemconceptfortheA’l’SSisbasedupona
thermodynamic scaling of a proposed configuration for a 1000 MW
. electrical generation station (Reference A-8); Table A-7 lists the
pertment parameters for the two systems. The electrical and thermal
parameters are scaled at the nominal power ratio of 0.00255. In
anticipation of future developments, the laser power efficiency is placed
at 13 percent instead of 6.5 percent. The firing rate of 20 per second

has redundancy by dividing the fuel supply and lasers into two systems
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each operating at 10 per second. The fuel burn fraction is the same for
both systems but results in a slight reduction in total fuel for the ATSS
requirement because of the 40-percent cornversion efficiency for the ATSS
campared to 30 percent for the proposed power plant. The principal
difference is in the heat flux into the walls. Thé ATSS flux level is
.reduced by about an order of magnitude principally to accommodate liquid
metal and tritium generation considerations.

The fueling usage listed assumes gas-filled silicon oxide spheres
with the deuterium obtained fram the electrolysis of water and the
tritium generated by neutron irradiation of lithium. The tritium source
reactions. are:

Li® + n1 - T3 + He? + 4.8 MeV (6.42%)

Li7 + n1 » T3 + He? + nl -2.5 Mev (92.58%)

Within these reactions, Li® has an affinity for thermal neutrons which
decreases at higher neutron velocities. On the other hand, the Li’
reaction has a threshold for neutrons absorption at 2.5 MeV which peaks
in the 7 to 10 MeV range. For the ATSS application, tritium generation
.must equal tritium usage and, therefore, has to involve the secondary
neutrons fram the Li’ reaction. Since the fusion neutrons are born with
'enérgieﬁ of 14.1 Mev, 1lithium must be among the first elements
encountered by the products of fusion, and the wall of the reactor vessel
‘needs to include a neutron moderator material. For this study, the
moderator is carbon in the form of graphite. These considerations help

define the features for the ATSS fusion power based electrical

generation system.
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A.2.3 ATSS Fusion System Features

The principal features for the ATSS fusion based electrical power
generation system are listed in Table A-8. The system concept is shown
in Figures A-9 and A-10. The pertinent elements and rationales are

described below:

A.2.3.1 Reactor Vessel, Energy Contairmment

The reactor vessel must absorb the energy and contain the products
from the fusion while providing a continuous flow of heat energy to the
converters. The fusion contaimment concept is outlined in Figure A-9.
The pertinent details of the confinement method appear in Figure A-11
which shows a cross section for the reactor vessel. The energy release
from the fusion occurs at the center of the cylindrical cavity asv a
series of small explosions, one every 50 msec. The energy reaches the
walls of the container in the form of photons, helium nuclei, and
neutrons plus the residues from combustion which are atoms of deuterium,
tritium, silicon, and oxygen. The first surface, a 5-cm (2-in) layer of .
flowing liquid lithium, absorbs all of the photons and atoms. -The
lithium also interacts with the neutrons and begins the tritium breeding
process. Primary fleutrons encounter lithium at energies above the
threshold for the Li’ reaction. The graphite layer behind the flowing
lithium slows the ;primary neutrons and reflects both the primary and
secondary neutrons back into the lithium layer. Ieakage neutrons are
slowed or absorbed by the Z2r0O, insulation. The boron steel of the
pressure vessel absorbs the residual thermal neutrons. | Some heat is
generated in the graphite; therefore, the inlet flow of lithium first

cools the graphite before entering the cavity area. The concept for the
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TABIE A-8 PERTINENT FEATURES FOR THE ATSS INERTIALLY-CONFINED
IASER-IGNITED FUSION HEAT SOURCE

SYSTEM ELEMENT PERTINENT FEATURES

Reactor: Cavity: 2-m (6.5 ft) by 2-m (6.5 ft) cylinder with liquid
lithium first surface.

Walls: Flowing liquid lithium layer 5-cm (2 in) thick over
clad graphite 34.3-cm (13.5 in) thick.

Insulation: Zr0, layer 20-cm (8 in) thick.
Container: Boron steel vacuum shell 1-cm (0.4 in) walls.

‘I.-\Ael: ; Mix: Atmospheric density equal volume of deuterium and
. ' tritium.

Capsule: Silicon oxide walls 0.05-mm (0.002 in) thick sphere
3-rm (0.12 in) dia. Usage rate is 246 grams/day
(0.54 1b/day).

Processing: mal system for erxcapsulatic?n, ready storage and
injection. Centrifugal velocity injectors.

Deuterium: Process 0.85 grams/day (0.03 oz/day) obtained by
25.5 kg/day (56 lb/day) of water electrolysis.

‘ o Tritium: Process 1.27 grams/day (0.003 lb/day) obtained from
! : v lithium irradiation by neutrons. Li is consumed at
2.85 grams/day (0.0063 lb/day).
Ignition: Lasers: Excimer type operating in the UV range.

Beams: Deliver eight simultanecus pulses, 90 deg apart 4 in
each hemisphere, 2.8 kW total in each pulse.

_ Cooling: laser cooling by a dedicated radiator.
Liquid Metal Lithium: Flowing wall temperature rise 27 K (50°R) in 12 sec.
Li Heat Exchangers: enters at 1103 K(1985°R), exits at 1130 K (2034°R),
exit flow passes through separators.

.NaK: Heat transfer through counterflow exchangers, eight
units supply, eight converters.

Reactor Pressure Pressure: Vacuum system maintains cavity at 1074 torr or less.
Control and Gas
Recovery: Gas Recovery: Unburned fuel and reaction products separated by

membranes and electromagnetics into deuterium,
tritium, and helium.
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flowing lithium wall takes advantage of the microgravity envirorment
available within the ATSS to create a continuously circulating layer as
the receptor for the fusion energy.

" The thickness of the layer, the velocities, and the flow rate have
been balanced such that a 12-sec exposure increases the temperature of
the lithium by 27 K (50°R) and absorbs 8520 kW in a mass flow of 73
kg/sec (161 1lb/sec). The lithium flow enters the domed ends at the
centerline and moves toward the cylindrical section in a combined radial
and circumferential motion; auxiliary input jets maintain a uniform
thlckness A divider at the dome-cylinder intersection recovers the flow
for reinjection. The flow within the cylindrical section is shown in
Figure A-12 and consists of circumferential channels that permit heat
extraction fram the graphite as the lithium flows to the injection port.
Injection, extraction, and mixing occur at two | diametrically opposed
locations along the walls of the cylinders; Figure A-13 shows the concept
vfér the injection-extraction and mixing segments of the wall. The flow
balance for the system exposes the lithium for 3 sec in the ends (1.5
sec for each enrd) and 9 sec in the cylindrical section. The flow
velocity around the cylindrical walls is 5.65 m/sec (18.5 ft/sec) to
maintain a 5-cm (2-in) thickness of 1lithium. The inlet and outlet
velocities within the feed and extraction lines are balanced accordingly.

The entire flow balancing is achieved and controlled by electromagnetic

pumps.

A.2.3.2 Fuel Encapsulation and Feed
A number of alternate confiqurations have been identified for fuel

encapsulation; Figure A-14 illustrates some of the candidates. All of
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the configurations utilize a pusher material that creates a compressing
implosion when irradiated by a laser beam. This study uses the simplest
of the fuel pellets and has a gas mixture at one atmosphere pressure
enclosed in a silicon oxide sphere. The mass requirefent for 2.67 ug in
each pellet results in a 3-mm (0.12 in) diameter: sphere with 0.05-mm
(0.002 in) walls. These pellets will be injected along the centerline of
the chamber at the rate of 10 per sec altermating from each end. The
locations for the fuel feed are indicated in Figqures A-9 and A-11, and
conceptual injector elements are included in Figure A~11. The fuel
pellets are formed by a glass blowing technique which provides a unifofm
sphere and a uniform gas content that will stabilize with one atmosphere
internal pressure at ordinary temperatures. An inspection and storage
magazine holds a one-hour supply; (36000 pellets). Pellet injection at
100 m/sec (330 ft/sec) would irvolve about 20 msec of free flight and
correspords to a movement of 100 nm (1000 A) during the 1 nsec duration
of the laser pulse. For a KrF laser operating at a wavelength of 220 rm
(2200 A), the pellet moves only half a laser wavelength. Pellet delivery
at 100 m/sec (330 ft/sec) utilizes the peripheral velocity for a wheel of
jl—an (12.2 1in) diameter which runs at one-fourth of the converter
frequency of 400 Hz. A pair of wheels driving a recirculating belt
imparts a precise velocity and direction to a pellet when released at the
point of tangency Figure A-15 shows a schematic for such an injector

configuration.

A.2.3.3 laser Igniters
The ignition conditions for the deuterium-tritium reaction require

temperatures in the order 108 K (1.8 x 108°R) and concentration-time
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Figure A-15 | Concept for a Rotating Wheel Fuel Pellet Injector
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products of about 1020 nuclei sec/m3 (2.8 x 1018 nuclei sec/ft3)
(Reference A-8). At standard conditions, gases -contain 2.7 x 1022
molecules/m3 (7.6 x 1023/ft3). The pusher portion of the encapsulant
provides the auxiliary compression necessary to achieve ignition by a
laser pulse lasting 1072 sec. The system configuration summarized by
Fiqures A-9, A-10, and A-11 includes an excimer laser beam as eight
simultanecus pulses delivered four to each hemisphere 90 deg apart. Each
laser operates in conjunction with one of the pellet injectors to provide
dual injection and dual ignition. The laser installation imvolves the
pulse generating elements as the pump, lasing section, and control. The
lasers feed into the optical section which contains the beam splitters,
formers, and final mirrors that deliver the energy to the pellet. The
optical paths are complex. Each laser pulse must be divided into eight
equal energy portions, and each portion of the beam has to reach the

pellet through identical (equal transit time) optical paths.

A.2.3.4 Liquid Metal Heat Transfer

The 1liquid 1lithium absorbs the energy generated by the fusion
reaction and delivers that energy to a series of ﬁeat exchangers which
transfer the thermal energy into a NaK stream to power the electrical
'converte.rs; Figure A-16 shows a concept for the heat exchanger. Fusion
power systems utilize a significant amount of power internally. This
fusion system has been configured with eight converters, operating at a
nominal 425 kW each. Six converters provide the 2550 kW to the ATSS, amd
the other two provide the intermal operating power. One converter unit
is devoted to the laser system. The converter installations are at a

central location within the ATSS as is the case for the Pu238 heat
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source. Since this fusion system depends upon a microgravity envirorment
to permit a flowing wall of liquid metal, the radiators for the
corverters are located around the periphery of the platform. The eight
converters effectively double the platform-mounted radiator panel
requirements as compared with four platfonn—nmnted converters used in
the solar dynamic system (Reference A-1). 1In addition, most of the
| energy that drives the laser transfers into coolant and establishes the
need for an additional converter-equivalent radiator for a total of
nine. Thus, the radiator panel inventory consists of 918 units (Figure
A-7), mounted in four full rows and one partial row around the periphery
of the platform. |

When the 1liquid 1lithium leaves the reactor vessel, it has some
entrained gasses and residuals from the encapsulant; an on-line
" separation process is included. At 1130 K (2034°R), any residual
silicon oxides are in a viscous molten state, whereas silicon itself is a
solid. A centrifugal separator allows the gasses to escape ard
Apnecipitat&s silicon and silicon oxides. The output legs of the liquid

.lithium lines include centrifugal separators.

A.2.3.5 Scavenge and Recovery, Vacuum Control, and Separation of Gasses

The atmospheré inside the reaction chamber uses 53.5 ug/sec of
deuterium-tritium gas which is released and partially comverted to
helium. The 53.5 ug equates to a pressure below 1072 torr after the
energy has been transferred into the lithium. A vacuum pumping system
that maintains 10~ torr is included and works from ports in the' laser
beam tubes and fuel injector sections. Separation of gaseous

constituents has to consider D2, T3, He3, He4, Li®, Li’7 and O, as inputs.
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The output must segregate and retain D?, T3, and He?. Separation of the
helium from the deuterium and tritium may be accomplished by membrane
diffusion. Separation of deuterium and tritium from other constituents
may also be accomplished by membrane diffusion. In such an operation,
the recovered deuterium-tritium mix can be brought to isotope balance .
with make-up de_ut:erimn 'and then cycled through the encépsulation proce'ss.
Helium of mass number 3 appears as the radiocactive decay product of
tritium. The rate of buildup reflects the 12-year half life for tritium.
Membrane diffusion during storage will keep the He3 at an acceptable low
level concentration in the deuterium-tritium mixture. Over a period of
time, precipitations of silicon and silicon oxides build up in the
separators The operating system includes -a nurber of parallel
separator legs which can be individually shut down and refurbished. The

recovered silicon oxides may be recycled.

A.2.4 Mass Assessments for the Fusion System
The assessment of masses for the principal elements which comprise
the fusion power system are summarized in Table A-9. The assumptions and

considerations for estimating the masses are described below.

A.2.4.1 Reactor and Contaimment Section

The mass for the, reactor and contaimment elements include the litﬁimn
wall, the graphite reflector with cladding and ducting, an insulation
layer, and the contaimment vessel itself. The liquid lithium provides a
5-cm (2.0-in) thick layer on the inside of a cylinder 1.93 m (6.33 ft) 'in
diameter and 1.93 m (6.33 ft) long, and fills the cooling ducts that
penetrates the reflector. At an operatmg temperature of 1130 K

A-53



(2vv0o16) 00621V

Tel0L wsis

09 (9880%S) 00€SYZ (syTun sutu) sICjETPRY D
S°L (TL9L9) 0690¢€ *ed (qr 85¥8) o 9€8¢
Je JubTe ‘sxeqIvAUCD  °d
(L6G88) 08TO¥ (%0az) 3evuerd uoTjeTnSUT.
(L18%) <812 Te3oW pInbT] pue sIsbueyoxd JeoH. -
(0069T) S99L sdund Te3sW prnbTI pue Hur3ong.
4 (9T€0TT) 0€00S Ioysuel], Jesq TeursaxXyd °*J
(eL02) ov6 JUSILITP3UCD .
(2ogg) o00ST siojeredss ‘sdimg unnoep.
uotjexedes sen pue
G°0 (0o8gs) ovve ToTucO aanssald Io30esd  *d
(sG95T) 00TL STBUTEUOD pue yjed TeoT3do.
(ovL19) 00082 e (M/CT T°T) M/B G°0 e sIose] aML.
8 (g6€LL) 00TSE uoTyTUbI-I8SeT  °D
(vyS001) 09sY (oxz) uoTzemSUT.
(esvL) osee FUSULITEUOD PUe SUSTURUOSH.
4 (LOSLT) o¥b6L uorjeTnsdeouy pue psod Tond ‘g
(zLs0¥) . 00¥8T (¢01z) uoTrjeTNSUT.
(sTL0G) 000€Z UNTURTT ‘I0309TI9Y ‘I9UTe;juo).
o1 (L8zZ16) 00%T¥ UOTIO9S I030e] VY
(ar) By
NOLILOGTRIINCO ‘SAIVWIISA SSYW SINARITE WAILSAS

. EONNOS IVAH NOISNI ILINDI-JASVI
GENTANCO ATIVLIMANI Y04 SAIVWLIST SSVH RIVWANS 6-Y JTaVL

A-54



(2034CR), lithium has a density of 430 kg/m? (26.9 lb/ft3) and the total
contained lithium amounts to 551 kg (1215 1lb). The graphite reflector
has a nominal thickness of 0.343 m (13.5 in) and utilizes cladding and
ducting based upon a 79Ni-13Cr-7Fe a11on The pressure vessel has wall
thicknesses of 1 cm (0.4 in) to provide boron for stray neutron
absorption. The structural requirement for a vacuum shell could beb
achieved with a 2-mm (0.08 in) thickness. The insulation layer of SQ-_
percent density ZrO, has a nominal thickness of 0.2 m (8 in) and provides
the necessary thermal buffer between the graphite reflector and the walls
of the chamber.

A.2.4.2 Fuel Feed Encapsulation |

The fuel feed and encapsulation section consist of the glass blower
encapsulator, the storage unit, and the injectors. Each segment is
quivaleﬁt to a small electrically driven machine tool, and the six units
total 860 kg (1896‘15). The rf|ass for the encapsulating system mcludes

the gas supply tanks. They would contain a 90-day supply stored at 10

atmospheres and contribute 440 kg (970 1lb) of steel. The remainder of -

the mass consists:of ‘the 1 an (0.4 in) thick boron steel vacuum container

walls lined with 20 cm (7.9 in) of Z2r0, insulation.

A.2.4.3 laser Unit‘s

The present ocxmercially available excimer lasers are pumped by an
electron beam and have specific masses of 5 kg/W (11 1lb/W) for power
delivered to a target (pulse energy times repetition rate, Reference‘ '
A-9). An order-of-magnitude reduction in specific mass for excimer |

lasers appears to be a reasonable extrapolation by the year 2025. Each
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of the optical paths includes three beam splitters amd turning mirrors
(or prisms) and includes eight "last mirrors" which place the beam on the
fuel pellet. The entire optical path and optical elements must be

contained in a vacuum pressure enclosure fabricated from boron steel.

A.2.4.4 Séavenge and Separation

The scavenge and separation system consists of vacuum pumps which
maintain the chamber pressure level and the sepa're;ting mechanisms for
recovering the individual gas constituents. The technique for separating
gases will include semipermeable membranes and electromagnetic stages.

The containment portion is the extraction manifold that connects to the

vacuum purmps.

A.2.4.5 Heat Transfer Section

These ducts are external to tlie reactor vesse]l and use 15-cm (6 in)
~ diameter tubes with 6~mm (0.24 in) walls of 79 Ni-13Cr-7Fe. The ducting
includes the centrifugal separator stages in the output lines. The
liquid metal pumps are all electromagnetic, 64 small units within the
reactor vessel control local lvelocities, and these are fed from eight
| main lithium flow pumps to the heat exchangers. The converter flows
utilize eight NaK pumps. The heat exchangers would have the same size
and mass as used for the fission reactor (Reference A-1). The difference
between sodium and 1ithium is accommodated by adjustments in the spacing
of the flow passages. The volumes of the liquid metal account for the
lengths of leads and contents of the heat exchangers and include about
0.75 m3 (26.5 ft3) of lithium and 1.25 m3 (44.‘14 £t3) of NaK external to

the reactor vessel. Since the entire heat transfer section must operate
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at "full red" to "orange" temperatures, a 15-cm (6 in) thick layer of
Zro, insulation encases the leads, pumps, and heat exchangers.
A.2.4.6 Converters and Radiators

The masses for the converters dnd the radiators are the same as
estimated for the other systems. The principal difference is m the. |
number of units with eight converters to supply the total electrical
needs ard nine radiator units required for heat rejection. -

In sumarizing the masses and their effects on-the total system mass,
the radiators make the 1ar§est contribution. Insulation that contains
the high temperatﬁre components total about 72000 kg (1.58 x 1051. 1b)
(each converter contains about 1000 kg (2205 1b) of 2r0,) and makes the
second largest contribution at 17 percent of the total. The materials
which actively provide the fusion, transfer the heat, and. generaté the
electricity contribute less than 25 percent of the total mass. If thé
mass required for thermal insulation and radiators can be reduced, then a
fusion power system becomes a mass-effective altermate. |
A.2.5 Fusion System Control Requirements

Fusion power system controls must maintain a continuous balance of
flows and thermal inputs while precisely timing laser pulses to positions
in the trajectory of a fuel pellet. The control requirements for the
fusion power portion of the system are summarized in Table A—lo. The
converter control requirements are the same as those summarized in Table
A-6 and are the same for each. of the eight converters and nine .rvadiat'ors.
An estimate of the relative complexity for fusion power system controls

cames from comparigon studies with ground power stations. A conventional |
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1000 MW steam plant has a confrol system with about 5000 sensor inputs.
In contrast, 50000 sensor mputs have been estimated for a 1000 MW power
station using a magnetically confined plasma fusion technique (Reference
A-8). The particular control complexities for an inertially confined
laser ignited system are associated with the fusion ignition and the fuel
preparations.

The extraction of heat energy from a fusion reaction begins with a
near uniform irradiation of a 3-mm (0.12 in) diameter pellet by 8 laser
beams. In the simplest of geometry, the laser beam diameter must be
about 80‘ percent of the pellet <'iiameter in order to have a full-sphere
coverage with some overlap. On this basis, the tolerance on the
trajectory appears as 10 percent of the pellet diameter or 0.03 cm (0.012
in). The generation of the laser pulse has to anticipate the arrival of.
‘the pellet at the point of fusion in a manner that allows all the energy
to hit the pellet. The control requirements for fusion initiation need
_to assure that the pellet is moving along a trajectory path that allows
uniform irradiation and that the laser pulse will hit the pellet when it
reaches the fusion ignition point. These controls must operate with a
firing decision for each pellet initiated precisely at the cyclic rate
for the fusion pulses. The system can tolerate some lost pellets;
»however, the energy drain associated with a laser pulse requires a power
return for each laser firing.

The energy release from the fusions has to be captured and
transformed into a continuous flowing thermal stream. The establishment
of a flowing wall of liquid metal implies a precise balancing of input
flow velocities and exit flow velocities that accommodate the viscous

forces, assure the proper mixing, and adjust for the temperature changes.



The internal lithium flow system involves the continuous balancing 'of
field strengths and driver currents in 64 electromagnetic liquid metal
pumps .

The preparation of the fuel pellets imposes both a .technical ard
control challenge. Controls include the requirements for a high speed
glass blower in whlch the internal and external pressures have to balance
during the blow and cool operation such that the gas content of the
sphere contains tﬁe proper mix at one atmosphere pressure and ordinary
temperatures. An inspection process is needed to assure that each pellet
is a uniform sphere and is not leaking. The storage requlrement for a
one-hour reserve is modest and allows a degree of daange—out and
replenishment.

The external heat transfer system has the added complexity of | gas—
and-solids separators in the high temperature lines. These requlre
periodic change-out of elements to remove the precipitated encapsulant.

The envirormental control has to maintain operation within a narrow
range of temperatures and pressures. The unburned fuel has to be
recovered and separated. Crew exposure to neutrons is a recognized
health related concern. Tritium is radioactive by electron emiséion
(beta particles), and the health concern is inhalation. The tritium must

be totally contained.

A.2.6 Particular Considerations for a Fusion Power System

The particular considerations stem from the dwelmt requirements
for the flow system, the constraints associated with continuous
operation, and the a’lcoambdation of low level radiation from neutrons and

tritium decay.
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The concept of a flowing wall of liquid lithium was adapted from a
ground fusion power station concept that used a falling wall of liquid
lithium. The concept for the space power application takes advantage of
operatibn in a microgravity envirorment to keep a flowing wall in contact
with a neutron moderator and reflector. An effort to develop such a
configuration requires access to a laboratory in a microgravity
envirorment. For the ATSS, the application of a fusion power system
appears as a growth condition in which the final stages of the flow
developnent are performed on board. The concepts and conditions for flow
balancing could be initially established using .NaK at ordinary
temperatures before switching to high temperature lithium. The
incorporation of fusion power into the ATSS may culminate a development
effort involving both ground and on-board activities such that the
prototype unit becomes the power source which phases out an operating

solar dynamic or kphotovoltaic syscem. A fusion system must have support

- from an on-board power system to liquify lithium, start the flow, and

drive the laser.

A fusion power system operates continuously over a narrow range of
cntp.xt power. The details of the configuration must include the
potential for change-out  and repairs without interrupting power
deliveries. A fusion power system has a complex start up sequence and a
canplex shut down sequence. Recovery of the encapsulant and separation
of gases are done off line, and off line encapsulation capabilities are
considered prudent to assure a fuel reserve. The incorporation of dual
feeds and lasers provides redundancy. Near-full operation can be
maintained with one _injector—-iaser operating at a higher pulse rate. If

the fusion power system is a growth version of the ATSS, then some
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portion of the earlier power generating technique could be retained as a
reserve or back up supply.

The radiation concerns appear modest. . Idealiy, the primary .and.
secondary neutrons released are absorbed in the lithium to produce
tritium. In reality, some neutrons will be lost and absorbed in
graphite, zirconium, and the borated steel. The health-acceptable total
neutron release from the reactor is approximately 1.5 x 106 per second
(Reference A-7), and neutrons are born and used at the rate of 2.86 x

1015 per second. The reactor needs to operate with a very small excess

of neutrons and have an effective absorber outside of the graphlte

reflector. Boron and cadmium provide the best readily available

materials for neutron absorbing shields. Boron steel is proposed, w1th a
cadmium compound added to the exterior if required.” The metallic
cladding elements within the reactor will absorb same of the excess
neutrons and form radioactive nuclei with long half—lives. Nickel has-an
isotope of mass mumber 59, which has the longest half-life (- 10° years);:
therefore, at final shutdown, the system must be considered low level
radioactive waste . The tritium produced on board is consumed on board
The decay product is an electron which can be contained within any tank
or pipe. The system operates in a vacuum; therefore, tritium doesnot
have any mechanism te enter the man-rated atmosphere.

A.3 ADVANCED PHOTOVOLTAIC ENERGY SOURCES

A.3.1 Photovoltaic System Considerations

Electrical energy produced by a photovoltaic effect has the ‘

advantage of conversion into direct current power at conditions

campatible with ATSS on-board equipment. Both photovoltaic and solar
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dynamic systems must store energy during the illuminated portion of the
orbit. Energy storage for a photovoltaic system can use electrochemical
means such as storage batteries or fuel cells, and flywheels offer an
electramechanical option. The design of a photowoltaic system for a
given power output must consider the conversion efficiency which is a
property of the material, and the degradation of the conversion
efficiency which occurs from long-term exposure to space radiation. The
conversion efficiency of silicon-based ;hotovoltaicxi(has a limit at about
18 percent, gallium arsenide has a limit above 20 percent, and cells of
| the "multiple band-gap" type have the potential for a 30-percent
conversion efficienéy (Reference A-4). The developmént of photovoltaic
cells has also included techniques for reducing radiation damage
sensitivities and means for rejuvenating degraded cells in place
(Reference A-4). Gallium arsenide or the "multiple band-gap" technology
appears capable of providing the 2TSS with photovoitaic cells which would
sustaln a 20-percent solar throughput energy conversion over a ten-year
period. Therefore, a photovoltaic system based upon a 0.2 energy
throughput efficiency is used as the basis for comparison with thermal
- dynamic heat source alternates operating with energy throughput
efficiencies of 40 percent. For comparison purposes, a configuration is
defined with a solar field which can provide 2550 kW continuous
| electrical power throughout a 90-min orbit. During the 60 min of
illumination, the system will store enough energy to maintain the 2550 kw
for the 30 min of darkness. Three energy storage methods are considered;
batteries, advanced O,-H, fuel cells, and flywheels. In addition, an
evaluation is made of solar energy concentration as a means for reducing

the requirements for photovoltaic cells.
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A.3.2 Solar Array Areas and Solar Panel Requirements

‘The ATSS provides solar facing areas on the platform and on the torus
that are considered appropriate for the installation of photovoltaic
panels. 'I‘hermal eéuilibrimn considerations make that determination.
Within an array, some of the unconverted energy is reflected backward
from the absorbing surface. The remainder must be removed by cooling
coils, direct radiation, or both in cambination. Photovoltaics,
therefore, favor installations which enhance dark-side radiation. f'or
the ATSS the prime areas for solar panels are those open to dark-side
radiation and thereby avoiding any need for cooling coils. The solar
facing areas of the ATSS available for photovoltaic arrays are ir_xdic_ated
in Figure A-17 and summarized in Table A-11 with the prime areas and
second choice areas identified. The requirement for 2550 kW continuous
at a 20-percent conversion efficiency defines a minimum area for solar
exposure, and the results summarized on Table A-11 show that the power
requirements can be supplied using about half the available prime area.
For comparison purposes, the advanced photovoltaic system utilizes the
prime areas and operates in thermal equilibrium with a dark side
temperature of 320 K (576°R). These thermal balance conditions assume 37
percent of the solar energy is radiated from the backside of the panel,
37 percent is re-radiated (or reflected) from the front surface, and 26
percent is converted to electricity, with 20 percent of the incident
energy appearing as usable electrical power within the ATSS. The 0.5 h
of darkness during each orbit requires an energy delivery from a storage
system that totals 1275 kW-h. The energy losses associated with storing

and retrieving add to the total storage -requirement and increase thé
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total solar panel area. ‘Therefore, configuring a photovoltaic power

system requires the selection of an energy storage technique.

A.3.3 Energy Storage Considerations
The contimuing development of energy storage téchniques has produced

a mumber of candidates for application to the ATSS. The electrochemical

candidates are rechargeable (secondary) batteries or fuel cells. The

electromechanical option is the flywheel. ,

The electrochemical options are three battery types and Hy-O, fuel
cells. Comparison parameters and results are summarized in Table A-12.
The battery types include the space-performance established Ni-Cd, the
Space Station Freedom candidate Ni-H,, and an advanced Li~Na liquid
sulphur system. None of these batteries have operated for ten years with
an 80-percent discharge cycled at orbital frequencies. However, wimih
each of their present development efforts, these appear to be one of the
goals. The values listed as specific outputs are the near-maximm for
‘applications that have good temperature control . The value cited for the
'Li-Na-S system is based upon projections from an extended development
effort; however, some projections show only half this value (References
A-2 ard A~11). All the battery options are assumed to operate above 90-
percent efficiency during the charge and discharge cycles. The on-board
generation of Hy and O, from the electrolysis of water limits fuel cells
to a single candidate. The capability to use half the ATSS-delivered
electrical power for fuel generation assures a ready fuel supply. The
value cited for fuel cells assumes a continuing development to achieve
the specific output and assigns an 85-percent efficiency for both the

water electrolysis and cell operation (Reference A-12). The use of fuel
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cells does expand the mumber of electrolysis units on board the ATSS to
maintain the total deliverable H, and O;. In the camparisons, the
specific mass of the batteries are modified by the discharge depth, and
the energy storage requirement is increased to account for the
efficiency. The increment of energy lost must be offset by an additional
area of photovoltaics, and that lost energy must be dissipated by an
array of radiator panels.

The electromechanical storage of energy compared flywheel
configurations using high tensile strength steel, glass fiber reinforced
camposite, and an advanced graphite fiber reinforced composite. The
materials parameters and the results of the evaluation are summarized in
Table A-13. Figure A-18 shows the concept for a power storage unit that
has a glass fiber reinforced composite flywheel. The steel evaluated is
a 18Ni-400 precipitation hardened (maraging) alloy that shows the highest
working stress for any present homogenous material. The flywheel is
configured as a uniformly stressed disc (e.g., turbine discs) and at
maximm energy storage, has all the metal at a uniform maximum stress
which results in a specific energy shape factor of unity. The actual
mass of material required depends upon the allowed change in rotation
with a 50-percent speed reduction for a 75-percent energy extraction as
the practical limit (Reference A-13). The total rotating mass must be
configured in manageable elements; 10 units based upon wheels 3 m (10 ft)
in diameter appeared practical. Since the electrical portion of all
units are 255 kW motor-generators, the units are all configured within
the same mounting and vacuum sphere. For this evaluation the electrical
and internal support elements were assigned the same specific mass as

used previocusly for the 440 V - 400 Hz alternators. The motor generator
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Figure A-18 Concept for an Energy Storage Unit Using a Glass Fiber
Camposite Flywheel

A-74



and support are mounted within a 3.2 m (12 ft) diameter aluminum sphere.
The total mass amounts to 1400 kg (3090 1lb) for each unit. The 0.9
electrical throughput efficiency assumes a minimum of frictional losses

(rotation in vacuum) with magnetic levitation. |

The two composite wheels utilize a practical configuration, as a rim
with a web, that has Ks = 0.4 (Shape Factor, Figure 5.2-6). The glass
fiber option represents present fabrication technology in which the
maximum working stress for the composite is 0.4 of fiber yield stress.
The advanced graphite fiber option uses graphite fibers with the same
strength properties as the steel and an operating stress at 0.65 of fiber
yield which is the same limit as steel.

A review of the tabulated results shows the limit of the present
technology in Ni-0d batteries and conservative-margin glass 'fiber
composites. The options represented by steel flywheels and Ni-Hp
batteries show a general equality and could be considered near—term
developments. The options for unproved performance from longer: t‘erm
developments are Li-Na-S batteries, Op-Hy fuel cells, and advanced
composite flywheels. These options show a near-equality for ATSS
application. Graphite and aramid fibers have been developed with yield
strengths above 2757 MPa (400,000 psi) (Reference A-14). Wheel shape
factors can be ‘improved toward the limit of 0.5 as a thin ring, and
improved fabrication techniques will allow operation with less’ stress
margin (0.8 yield instead of 0.65). Advances in fiber ocamposite
flywheels could result in a 50-percent reduction in requlred mass. For
the Li-Na-S batteries, the projected specific output values have ranged
from 90 to 200 W-h/kg and fuel cells in present use show specific outputs
at or (above 100 W/kqg.
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Of the three advanced technology options, none show a definitive mass
advantage. Therefore, the ATSS will utilize the O-H, fuel cell option
for synergy with the on-board generation of the fuel gasses and multiple
usage of on-board water. The ATSS photovoltaic power system will consist
of the following major elements.

1. Photovoltaic panels mounted in the prime location on the ATSS with
area sufficient to produce 2550 kW continuous (14310 m2, 154000 ft2)
plus the extra area (1836 m2, 19700 ft?) needed to compensate for
storage losses. |

2. 0,-H, fuel cells capable of delivering 2550 kW (17000 kg, 37485 1b)
plus four electrolytic cells (2600 kg, 5733 1b).

3. Radiator for fuel and electrolyte cell cooling at 559 m2 (6017 ft2)

consisting of 54 panels.

A.3.4 Photovoltaic System Definition and Location
. fThe principal feature for the photovoltaic system becomes the
installation concept for the solar cells. The location for the fuel
cells has no real restriction except that the electrolytic cells which
generate the fuel and the storage reservoirs for the fuel are located in
the torus. For convenience, therefore, radiator panels for the fuel
cells are on the exterior of the torus, and the fuel cells are co-located
with the electrolytic cells on the outer deck at spokes 2 and 4
(Reference A-3).
The installation for the solar cells assumes a mounting arrangement
in the form of a 3-m by 4-m (9.8-ft by 13.1-ft) rectangle. The total
installation requires a minimum of 1347 such panels. The inventory will

consist of 1347 panels with 795 located on the prime area of the
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platform and 552 mounted in the prime area between spokes on the insides
of the torus. Electrically, the panels operate in groups of three.. The
resulting layout is shown for the platform in Figure A-19 and for the
torus in Figure A-20. The panel arrangement on the platform is a
regular array consisting of seven rows arranged as concentric rings. The
rings all fit within the prime area defined by the perimeter of the
platform and the outside diameter of the counterrotators (Figure IA-l_",I) .
The installation as groups of three makes the necessary electrical
interconnection along the inner edge of the panels. Space between vthe
groups provides the access for installation or replacement and will be
accamplished by manipulators on an EVA support vehicle. The panel '
arrangement on the torus takes advantage of the rotating field to hang
groups of three panels from a beam; Figure A-21 illustrates the concept
for the support and shows some of the construction features. The hanger
beam spans the distance between spokes and carries the electrical: bus
‘attached to the web. A stanchion tube that reaches from the hanger beam
to the torus provides stabilization between each set of six panels. The
installation of the panels and the electrical intercomnections are
performed from a teleoperated crane on the torus. |

A.3.5. Summary of Mass Estimates A

The system mass estimates include contributions from the panels, the
pahel support structure, the radiators, and the energy | stofacje .
oohponents; Table A-14 summarizes the mass contribution for each of the
alternates.
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A.3.5.1. Panel Mass Estimates

The photovoltaic cells require a mounting plane which accounts for
much of the total mass, photovoltaics, and their mountings have been
assigned 2 kg/m? (0.4 1b/ft2). The panel stiffeners and edge supports
are aluminum strap and angle that contribute 14 kg (31 1b); electrical
conductors and connectors add 2 kg (4.4 1lb) to total 40 kg (88 1lb) for
each panel. The mass tbtals for panels are shown in the Table A-14. 1In
each of the options, the number of panels on the toms remains the same.
'Ihedifférences are in the mumber of panels on the innemmost ring of the
platférm. The flywheel configurations require only six rings of panels

with the innermost not campletely filled.

‘A.3.5.2. Panel Support Structure Estimates

The support structure for the platform installations consist of
alurrunum frames that secure the penels in groups of three and provide the
‘electrical connections to the bus bars. The aluminum perimeter material
contrimﬁes 42 kg (92 1b), and the electrical leads contribute 8 kg
(17.6 1b) for a total of 50 kg (110 1lb) assigned to each set of three
panels on the platform. The torus support consists of the hanger beam
and stanchions. The bending loads imposed by a 1-g rotation field are
within the capabilities for an American standard "5 inch" aluminum I-
beam. The mass estimates include the beam, the stanchion as aluminum
tubing 7.62 cm (3 in) in diameter with 3 mm (0.125 in) walls plus the bus
bars along the web of the beam to total 4775 kg (10530 1lb) for the torus

. support structure. -
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A.3.5.3. Radiator Estimates

The radiator requirements are extracted from the mass defined for a
converter installation on a "per panel" ratio basis. A camplete
converter radiator using 102 of the panels described in Figure A-7, has
total mass of 27256 kg (60100 1b) for structure, fill, and connecting
lines.

In summary, the total mass estimates for each of the options show a
general agreement. The extreme values represented by Li-Na-S batteries
and Ni-Cd batteries differ by less than a factor of two, whereas the
masses for the storage elements range over a factor of five. The higher
electrical efficiencies that require less radiator area offset the mass

differences within the energy storage options.

A.3.6 Effects of Concentration

The output of Ea photovoltaic system responds to the intensity of
incident radiation such that a concentration of the solar flux permits a
corresponding reduction in the required area of photovoltaics. The
effects of concentration are discussed below.

Concentrators for an ATSS application take the form of 1linear
parabolic reflectors; Figure A-22 shows a concept for a reflecting
concentrator that would have the same footprint as the 3 m (9.8 ft) by
4 m (13.1 ft) flat panels. The concept shown uses two reflecting linear
parabolic surfaces t:; concentrate the solar flux on two linear parabolic
surfaces covered wit;h photovoltaic cells. The configuration can provide
concentration ratipos ranging from two to four using essentially the same
structure. The cancentrators can operate in the same locations as

defined for the flat panels. Concentration increases the reject heat
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flux from the solar cells such that some form of active cooling will be
necessary. With active cooling, concentrator units could be placed in
any convenient location on the ATSS.

The mounting of the photovoltaics cells in the reflecting
configuration shown decreases the total area available for the solar
energy intercept. The portion obscured is a function of the
concentration ratio. Figure A-23 illustrates the effect for a
concentration ratio of two. The obscuration and the related system
effects are summarized in Table A-15, which compares the open panels
with concentration ratios of two, three, and four. The reduction in
collection area must be offset by an increase in the number of units.
The values are shown relative to a baseline need for 1347 units. The
total area for photovoltaic cells is defined as the product of the solar
intercept area per unit divided by the concentration ratio and multiplied
by the number of units required. The reduction ratio relative to open
panels is somewhat less than the concentration ratio by about 10 percent.

The cooling requirements for the photovoltaic cells are defined by
their thermal balance in a radiation field. If the 37 percent of the
input energy has to be removed from the back side of the solar cells,
then the coolant absorbs 8072 kW-h, whlch must be dissipated over the
period of an orbit. The average heat rejection rate is 5328 kW and
requires 9032 m? (97220 ft2) of radiator area for operation at 320 K
(576°R) . The cyclic operation associated with orbits plus the
contributions from the storage elements during the dark period will not
result in the near uniform conditions associated with rotating
converters. Therefore, for this comparison, the radiator temperature

will increase and assume an average operating temperature at 348 K
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(626°R), with an average heat flux of 0.82 KW/m? (0.076 kW/ft?), such
that the concentrated photovoltaic system operates with the same total
radiator requirement as the solar dynamic system (Reference A-1).

The system masses can be compared in terms of the radiator, the
storage elements, and the concentrator units. Table A-16 summarizes the
mass contributions. The concentrator units are essentially welded
alumimmm structures fabricated frc: angles and sheets. The units have
been assigned a mass of 125 kg (275 1b) each which includes an increment
for support elements and electrical interconnections. Energy storage
utilizes fuel cells, and the radiator requirement for the fuel cells is
included in the total for the concentrator units. The effects of
concentration indicate a factor of four increase in the total system
mass. The structure for the concentrating reflectors adds a factor of
three to the collection elements, and the need for a radiator introduces

" an additional mass increment.

A.3.7 H)owvoltéic System Controls

A photovoltaic system must control the electrical output from the
panels, sequence the storage elements, and maintain the thermal balance.
Each portion of the system responds to its own particular requirements;
the overall system controls are summarized in Table A-17 for the
baseline option of energy storage using O,-H; fuel cells.

The photovoltaics produce a constant voltage during the illuminated
pdrtion of the orbit. The voltage decays to zero in about seven minutes
during sunset and recovers 30 minutes later during the sunrise. The
control system algorithm, therefore, has to accommodate phased power

transients two times in each orbit. In full Sun, the control must direct
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the required excess energy into the storage elements while maintaining a
constant 2550 KW input to the ATSS. Photovoltaics benefit when operated
at constant current; energy not extracted as electricity has to be
dissipated thermally. Photovoltaics converting 25 to 27 percent of the
solar energy into electrical power will need to operate with near maximum
current to preserve thermal eguilibrium. The on-board generation of O,
and H, again provides the necessary load leveling capacity for the
system. The energy storage system does have some inherent flexibility
when configured as fuel cells. In nominal operations the fuel _celis |
operate to balance the orbital power profile. However, under special
conditions, the cells can operate to augment the photovoltaics such that
the power delivered could approach 5100 kW for a portion of an orbit.
The other storage alternatives would not offer that capability unless
same extra capacity were included. Batteries or flywheels need to cycle
in sequence with the orbit to avoid compromise of the photovoltaics by
vthermal effects, or the ATSS will be forced to operate power-short during
the dark portion of an orbit. The controls for. the energy storage are
conventional. The system operates the electrolytic cells and stores fuel
during the illuminated portion of the orbit, then powers-up the "fuelA
cells during the dark portion of the orbit. In orbital operation neither
section is completely inactive. Instead, the currents and voltage
modulate between a standby, or idle, mode and full power.

The requirements for heat extraction and radiator cooling are dyclic.
For the fuel cells, the maximm coolingxdemand occurs when the radiai:ors
have an unocbscured field of view; co;xseéuently, the radiator temperature

and coolant flow will vary with orbit, position.
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A.3.8. Particular Considerations

The particular considerations relate to the installation of the
system and the on-orbit maintenance of the system.

The phasing of the photovoltaic panels into the on-orbit assembly of
the ATSS nequm some attention. The photovoltaic panels cannot be put
in place and exposed without any electrical connections. The
.installation of the panel field invcives a continuing activity for on-
orbit assembly. There may be a need for reflecting covers if the
-capability to store energy is limited while assembly is in progress. The
internal configuration for the ATSS places all of the 0,-H, generating
capability in the torus. Fuel cell auxiliary power may not be available
durlng the build-up sequence, and battery cells may be needed on a
temporary basis.

The area devoted to photovoltaic panels is both extensive and‘
exposed. Debris damage can be anticipated. In operation, damage to a
panel would only compromise that unit (or at most, that group). The on-
board mobile crane and air locks are configured to handle units the size
of a panel, and the on~board spares would be stocked to accamplish such a

- The utilization of flywheel energy storage requires the management of
the rotating inertias. Bearing requirements are eased if the flywheel
units are mounted in the nonrotating portion of the station; a location
in the plane of the platform adjacent to the central tube appears
convenient. Unless the rotational inertias can contribute to the
operation of the station, the units may need pairing such that a pair
always rotates at the same speed while turning in opposite directions

(inverted relative to each other). Such a configuration transmits some
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local gyroscopic forces to the structure, but at the ATSS system level,

all such forces would cancel.
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